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Edwardsiella ictaluri causes enteric septicemia of catfish (ESC), one of the most
important bacterial diseases of farmed channel catfish in the USA. Use of live attenuated
vaccines (LAVs) is an effective strategy for combating mortalities in catfish farms. Our
research group has developed three live attenuated E. ictaluri strains [EiΔevpB,
EiΔgcvPΔsdhCΔfrdA (ESC-NDKL1), and EiΔhemRΔfrdAΔsdhC (triple-hemR)] that
provide various levels of protection against ESC. However, the protective mechanisms of
these vaccine candidates are mostly unknown. The overall objective of my study was to
investigate protective mechanisms of these LAVs. To accomplish this, catfish fry were
immersion challenged with EiΔevpB, ESC-NDKL1, and triple-hemR. Additional catfish
fry were immersion challenged with Aquavac-ESC and E. ictaluri wild-type (EiWT) as
controls. The internalization of antigens through the mucosal surfaces as well as the
pathology and molecular immune responses were studied. The investigations showed that
EiΔevpB and ESC-NDKL1 were highly safe and efficacious compared to Aquavac-ESC
and EiWT. Pathologically, vaccination with EiΔevpB and ESC-NDKL1 decreased the
pathological lesions, EiWT replication in catfish, and increased the ability of the immune

system to resist and kill EiWT. On the other hand, triple-hemR was not safe causing
severe tissue damage similar to EiWT. The gene expression data showed significantly
high expression of innate and adaptive immune genes following vaccination and
challenge with EiWT. Additionally, EiΔevpB and ESC-NDKL1 induced immune
proliferation in pronephros after exposure to EiWT. Taken together, EiΔevpB and ESCNDKL1 vaccine strains performed better to induce immune responses and reduce damage
in the host tissues during EiWT challenge compared to Aquavac-ESC.
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CHAPTER I
INTRODUCTION AND REVIEW OF RELEVANT LITERATURE
Enteric septicemia of catfish (ESC) caused by Edwardsiella ictaluri is one of the
most prevalent diseases of farmed channel catfish. Our lab has developed several live
attenuated vaccine (LAV) candidates. However, immunological and molecular
mechanisms by which these vaccines protect catfish are not known. There is, therefore, a
critical need to understand how these vaccines protect catfish against ESC. The overall
objective of this study is to understand protective mechanisms of LAV candidates against
ESC. The central hypothesis of this study is that effective vaccines will replicate
transiently in catfish tissues without causing severe damage and stimulate the catfish
immune system. The rationale of this research is that understanding pathological, ultrastructural, and molecular effects of LAV candidates will lead to new knowledge of how
LAVs provide protection and catfish respond to them.
The specific aims to accomplish the overall objective include the following:
1. Assessment of mucosal bacterial uptake and the mucosal immune responses in
vaccinated catfish following immersion exposure to wild-type (EiWT) and LAVs.
2. Assessment of infectivity, bacterial load, bacterial clearance, and pathological
changes induced by WT and LAV candidates in catfish fry by Light Microscopy (LM),
Transmission Electron Microscopy (TEM) in vaccinated and EiWT exposed fish tissues.
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3. Assessment of catfish immune responses after vaccination and following EiWT
challenge of vaccinated fish by determining immune-related genes expression by
quantitative real-time PCR (qRT-PCR), and characterizing lymphomyeloid population of
pronephros.
We expect that findings will contribute to the understanding of the mechanisms
by which LAVs protect catfish against ESC.
Review of relevant literature
Aquaculture and catfish industry importance
Catfish farming is one of the most significant aquaculture industries in a few
countries including the United States of America (USDA 2012). It represents 65% of
aquaculture production with an approximately 386 million dollars value of food size fish
in the US (Hanson 2015). In 2010, US farm-raised channel catfish Ictalurus punctatus
was ranked sixth for fish and seafood consumption among Americans with an individual
consuming an average of 0.8 pounds of catfish per year (Hanson and Sites 2012). The
four major catfish producing states (Mississippi, Arkansas, Alabama and Louisiana) are
considered to have a high economic impact, approaching billions of dollars (Tucker and
Hargreaves 2004, USDA 2006 ). This industry integrates several other businesses such as
feed mills, processing plants, and restaurants (Tucker and Hargreaves 2004). The US
catfish industry has pressure due to increased feed costs and the import of frozen catfish
fillets, which now accounts for 74% of all US sales of frozen catfish fillet product
(Hanson and Sites 2012).

2

Bacterial diseases affecting aquaculture
A wide variety of pathogens including viruses, parasites, fungi, and bacteria affect
the aquaculture. Among these pathogens, bacteria causes majority of aquaculture
diseases. Around 13 genera have been reported as pathogenic to aquatic animal including
Aeromonas, Edwardsiella, Flavobacterium, Francisella, Pasteurella, Piscirickettsia,
Pseudomonas, Vibrio, and Yersinia as Gram-negative pathogens and Lactococcus,
Renibacterium, and Streptococcus as Gram-positive pathogens. Mycobacterium is a
Gram resistant pathogen (Klesius and Pridgeon 2011). Among these bacteria,
Edwardsiella ictaluri is considered one of the most important Gram-negative pathogens
affecting the US catfish industry.
The disease
Enteric septicemia of catfish (ESC) is a highly fatal systemic disease in channel
catfish aquaculture (Klesius, 1992; Noga, 2000). Mortality rates in pond-raised channel
catfish (Ictalurus punctatus) can range from 10% to 50% depending on the age and
immune status of susceptible fish in the population (Hawke and Khoo 2004).
The etiology
Identification and classification
Edwardsiella ictaluri is a Gram-negative, facultative anaerobic short rod
belonging to genus Edwardsiella, class Gammaproteobacteria, order Enterobacteriales,
and family Enterobacteriaceae (Hawke et al., 1998). Edwardsiella ictaluri is more related
to Edwardsiella tarda than other members in the family sharing 96 % sequence identity
based on 16S-23S rRNA intergenic spacer region and DNA-DNA hybridization (Hawke,
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Mcwhorter et al. 1981, Panangala, Santen et al. 2005 b). Few differences are recorded as
E. ictaluri has a narrow host range (primarily catfish) and produces septicemic disease,
whereas E. tarda has a broader host range and produces hepatic and renal necrosis.
Edwardsiella ictaluri strains isolated from different geographic areas have high
homogeneity based on phenotypic, biochemical, biophysical, antigenic properties and
genetic characteristic (Hawke, Mcwhorter et al. 1981, Waltman, Shotts et al. 1986, Plumb
and Vinitnantharat 1989, Panangala, Shoemaker et al. 2005 a).
Biophysically, 40 isolates of E. ictaluri from different geographical regions and
fish species have a reported pH of 7.0–7.5 and a temperature of 25–30°C, which are the
optimum growth conditions for all E. ictaluri isolates. All isolates grow well in media
with NaCl concentration of 0.5% or less, while no isolates grow in media with a
concentration of 2.0 or 5.0% NaCl. Serologically, all E. ictaluri isolates are cross
agglutinated with four different E. ictaluri-specific rabbit antisera using identical
agglutinin titers (1:80) (Plumb and Vinitnantharat 1989).
Edwardsiella ictaluri has a peritrichous flagella and fimbriae observed by electron
microscopy and flagellum staining (Hawke 1979, Newton and Triche 1993, MenanteauLedouble 2009) . It is weakly motile at 25-30°C, but not motile at 37°C on semisolid
motility agar (Waltman, Shotts et al. 1986).
Biochemically, E. ictaluri is negative for cytochrome oxidase, indole, H2S, citrate,
phenylalanine deaminase, urease and positive for methyl red, nitrate reductase, lysine
decarboxylase, ornithine decarboxylase, and catalase (Hawke 1979, Waltman, Shotts et
al. 1986).
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Edwardsiella ictaluri lacks proteases, lipases, esterase, and most other
extracellular enzymes. However, it does have chondroitinase that degrades chondroitin
sulfate, a major component of cartilage (Waltman, Shotts et al. 1986). Waltman also
reported that it is not very reactive; fermenting only a few carbohydrates and producing
gas and acid. Furthermore, it grows well on media such as MacConkey and brilliant green
agar.
Host
Edwardsiella ictaluri affects ictalurid and non-ictalurid fish. The bacterium is
primarily reported as an obligate pathogen of ictalurid fish especially channel catfish
(Hawke, Mcwhorter et al. 1981). Under the natural conditions, other ictalurids such as
blue catfish (Ictalurus furcatus), white catfish (Ictalurus catus) and brown bullhead
(Ameiurus nebulosus) are susceptible (Newton, Bird et al. 1988, Iwanowicz, Griffin et al.
2006).
Edwardsiella ictaluri has also been isolated from non-ictalurids in natural disease
outbreaks, such as green knife fish (Kent and Lyons 1982), danio devario (Blazer, Shotts
et al. 1985, Waltman, Shotts et al. 1985, Petrie-Hanson, Romano et al. 2007), walking
catfish (Kasornchandra, Rogers et al. 1987), rosy barb (Humphrey, Lancaster et al. 1986),
and rainbow trout (Keskin, Secer et al. 2004). Also, E. ictaluri was isolated from
freshwater catfish (Pangasius hypophthalmus) in Vietnam and was considered as the
etiological agent of bacillary necrosis of Pangasius (Crumlish, Dung et al. 2002,
Crumlish, Thanh et al. 2010).
Additionally, E. ictaluri was isolated experimentally but not during natural
outbreaks from other species including Chinook salmon, Blue tilapia (Oreochromis
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aureus) and European catfish (Plumb and Vinitnantharat 1989, Baxa, Groff et al. 1990).
Thus, this bacterium is a potential pathogen worldwide affecting numerous cultured fish
species of economic importance.
History and Epidemiology
The genus Edwardsiella was first described in 1965, with E. tarda as the type
species which affects a wide range of hosts including humans (Ewing, Mcwhorter et al.
1965). A second species was isolated from reptiles and birds and named as E. hoshinae
(Grimont, Grimont et al. 1980). Edwardsiella ictaluri was first described as the causative
agent of ESC in 1976 (Hawke 1979). However, the bacterium was not characterized and
classified until 1979 (Hawke et al. 1981). This pathogen was first isolated in Georgia and
Alabama in the US in 1976 and has subsequently been isolated from diseased fish
(Newton, Bird et al. 1988). The agent causes severe diseases in catfish with high
mortality reaching to 50% in Mississippi in 1985-1986, and later the epizootic infections
emerged in California in the summer of 1987 (Baxa, Groff et al. 1990). Recently, two
new species, E. piscicida and E. anguillarum, were identified in 2013 and 2015,
respectively, based on comparative phylogenetic analysis, multilocus sequence analysis,
DNA-DNA hybridization, and phenotypic characterization (Abayneh, Colquhoun et al.
2013, Shao, Lai et al. 2015).
The epizootiology of the disease depends on many factors including age, fish
condition, and water quality. ESC affects all ages of channel catfish especially fish
younger than one year old (Francis-Floyd, Beleau et al. 1987). Also, the immune status of
the individual fish determines the outcome (Tucker and Hargreaves 2004).
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Environmental stress factors such as poor water quality, low chloride
concentration, and temperature fluctuations, as well as stress induced by handling and
improper diet, lead to outbreaks (Wise, Schwedler et al. 1993, Plumb and Shoemaker
1995). Under these stress conditions, healthy catfish become more susceptible. Surviving
fish during an outbreak can carry the pathogen for up to 200 days in their kidney, liver, or
brain and spread the disease to other healthy fish (Hawke 2004). These survivors develop
specific immunity that protects them from subsequent infection and disease. Fecal
shedding from infected fish and from fish carcasses that have died from the disease lead
to of E. ictaluri outbreak in channel catfish ponds (Earlix 1995). These carcasses, as well
as infected fish, can also be transported between ponds by waterfowl that feed in the
ponds.
Edwardsiella ictaluri was detected in the intestine of experimentally infected
catfish and from natural waterfowl such as cormorants and herons, which are considered
as vectors (Klesius 1992). Additionally, the pathogen was isolated from natural
populations of tadpoles (Klesius, Lovy et al. 2003).
The disease outbreaks, especially the acute form, occurs in the spring and fall
when the water temperature ranges from 20 to 28°C while the chronic form is observed
outside of this range (Tucker, Boyd et al. 1979, Hawke, Mcwhorter et al. 1981). As the
water temperature rises above 30° C or drops below 20° C, the bacterium becomes
inefficient and becomes dormant or dies (Jesse 2008). This bacterium is generally not
able to cause disease outbreaks in catfish until the environmental temperatures are again
favorable. Mortalities in catfish fingerlings were higher at 25ºC, lower at 23ºC and 28ºC,
and absent at 17, 21 or 32ºC (Francis-Floyd, Beleau et al. 1987). The mortalities causing
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by the adverse environmental conditions were vary from less than 10% to over 50% in all
aquaculture systems (Inglis, Roberts et al. 1993).
Edwardsiella ictaluri is endemic for most catfish ponds, but it is considered an
obligate pathogen as its survival is restricted by environmental conditions. The pathogen
can remain viable in pond sediment for up to 95 days at 25°C, for only 10 days in pond
water at the same degree and for 5 days in water and mud at 5°C, so sediment may be a
source of infection from spring through the fall (Plumb and Quinlan 1986). Springtime
disease outbreaks are thought to be initiated by carrier fish which have maintained E.
ictaluri in their bodies over the winter as the bacteria were isolated from the brain tissue
at low water temperature.
Mode of transmission
Edwardsiella ictaluri infects both fingerlings and food-size fish reared in ponds,
recirculating and cage systems. Various modes of transmissions were reported including
horizontal transmission through 1) carrier fish population, 2) contact with fish carcass
during ESC outbreak where large quantities of bacteria are shed from the host (Inglis,
Roberts et al. 1993), and 3) vectors like cormorants and herons. Vertical transmission is
also a possible route but has not been recorded yet (Taylor 1992).
Disease forms and clinical signs
ESC occurs in three forms: acute, subacute, and chronic. In the acute phase, fish
become clinically ill and die or show few clinical signs besides going off feed.
Additionally, the fish swim listlessly and show severe lethargy and spiral swimming
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throughout the water column. Exophthalmia and abdominal distention are also seen in the
clinically affected fish (Hawke 1979).
The subacute phase is characterized by a slower onset but high mortalities
(Hawke 2004). Petechial and ecchymotic hemorrhages are detected on the abdomen and
around the head along with small, shallow, white or red ulcers. Furthermore, in the
subacute phase fish go off feed more slowly than in acute ESC.
In the chronic phase, fish become clinically ill, recover and develop protective
immunity but become a carrier. Hemorrhagic areas around the mouth and the ventral side
of fish and white ulcers on the skin are clinical signs of chronic ESC. Ulcers on the top of
the head and between the eyes are considered pathognomonic for the disease and give it
the hole-in-the-head name (Tucker and Hargreaves 2004). Due to the brain lesions, fish
show clinical signs related central nervous system such as spinning, spiraling, and tail
chasing (Hawke 2004).
Pathogenesis
Edwardsiella ictaluri can enter the host through the gastrointestinal tract, the
nares, skin abrasions, and possibly through the gills (Hawke et al., 1998). Several studies
showed that the nares and the gut had few or no bacteria while the gill tissue had large
bacterial numbers, suggesting the gill epithelium as a possible site of entry in the study of
35 S-labeled E. ictaluri localization in a channel catfish infection (Nusbaum and
Morrison 1996).
Edwardsiella ictaluri penetrates the intestinal epithelium of catfish after
intragastrical infection and then is taken by macrophages present in the underlying lamina
propria. Inside macrophages, E. ictaluri can survive, replicate and spread systemically to
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other tissues (Miyazaki and Plumb 1985, Thune, Stanley et al. 1993, Booth, Elkamel et
al. 2006).
It is postulated that when E. ictaluri enters the fish through the gut, the acute form
of ESC develops, and when it enters through the olfactory sac to the brain, the chronic
form of ESC develops (Newton et al., 1989). Also, when catfish are orally exposed to E.
ictaluri, numerous inflammatory changes develop such as enteritis, hepatitis, interstitial
nephritis, and myositis.
Edwardsiella ictaluri penetrate the intestine through normal cell transport as there
was no enough time to synthesize any protein to do this function (Baldwin and Newton
1993, Thune, Stanley et al. 1993). Additionally, it utilizes host surface receptors to
recognize ligands and aid in internalization to cultured epithelial cells and intestinal cells
of catfish (Booth 2006). After intestinal penetration, the bacteria enter the bloodstream
and migrate first to the kidney within 15 minutes (Baldwin and Newton 1993). Then, the
disease progresses into either of two forms: acute septicemia is characterized internally
by hemorrhage and diffuse necrosis in multiple organs, especially kidney and spleen; the
liver also becomes focally necrotic and edematous (Areechon and Plumb 1983).
Furthermore, interlamellar gill tissue proliferation and depigmentation and dermatitis of
the skin are also acute disease lesions (Miyazaki and Plumb 1985). The chronic
meningoencephalitis form (or the hole-in-the-head) is characterized by granulomatous
encephalitis and ventriculitis as the bacteria attach to the olfactory epithelium and then
penetrate the submucosa causing degeneration of sensory and supporting cells (Johnson
1989, Plumb 1999).
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Virulence factor
The bacterial virulence factors and the mechanisms of E. ictaluri pathogenesis
remain unknown (Thune et al., 1993). Several reports have suggested possible
Edwardsiella virulence factors. Extracellular products have been associated with E.
ictaluri virulence. Edwardsiella ictaluri produces a distinct thick continuous capsular
polysaccharide layer outside the outer membrane protein. In addition, distinct fimbria
processes were detected by TEM, which help host attachment and penetration (Stanley,
Hudson et al. 1994). Additionally, lipopolysaccharide (LPS) was described as another
virulence factor which increased the resistance to complement pathway mediated killing
in normal catfish serum as LPS has sialic acid (Ourth and Bachinski 1987). Membrane
associated hemolysins have also been detected in E. ictaluri, and are responsible for
hematocrit, hemoglobin and plasma protein reduction after ESC infection (Waltman,
Shotts et al. 1986). Later, two components of hemolysin of E. ictaluri were identified and
classified as a member of the Serratia family. However, the role of this hemolysin is not
clear for virulence in catfish (Williams and Lawrence 2005).
Chondroitinase activity degrades chondroitin (Cooper 1991, Stanley 1991) and
mediates cartilage degradation in the chronic "hole-in-the-head" lesion (Waltman, Shotts
et al. 1986). A challenge study performed with a chondroitinase deficient mutant strain
revealed that fish challenged with this strain showed no sign of lesions associated with
ESC and no mortalities, suggesting that chondroitinase plays a role in ESC development
(Cooper 1991).
Several authors reported the ability of E. ictaluri to survive and replicate inside
phagocytic cells, and this includes the histological observation of bacterial replication
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within both neutrophils and macrophages (Miyazaki and Plumb 1985, Baldwin and
Newton 1993). E. ictaluri were killed after 60 minutes in channel catfish culture with
immune serum, while the bacterial number remained steady in heat-inactivated channel
catfish serum or without serum added (Ainsworth and Dexiang 1990). However, other
studies reported no killing activity against E. ictaluri in channel catfish neutrophil
supplemented with immune serum (Waterstrat, Ainsworth et al. 1992). The in vitro
peritoneal macrophage recruited by squalene from both the immune and naïve catfish
showed that macrophages could kill the microbe more effectively in the immunized
group (Shoemaker, Klesius et al. 1997).
Several studies reported the ability of E. ictaluri to invade non-phagocytic cell
lines. Edwardsiella ictaluri is capable of invading and replicating in the channel catfish
ovary (CCO) cell line (Silva 1999). Furthermore, it is invasive in IEC-6 (rat small
intestinal epithelium) cells, Henle 407 (human embryonic intestinal epithelium) cells, and
FHM (fathead minnow) cells. The results further suggest that actin polymerization and
receptor-mediated endocytosis are involved in uptake of E. ictaluri by IEC-6 epithelial
cells (Skirpstunas and Baldwin 2002).
The ability to replicate inside the phagocytic cells depends on acid inducible
urease enzymes such as AdiA involved in the de novo synthesis of urea, which is
metabolized to ammonia by the urease enzyme, increasing environmental pH (Booth
2006, Booth, Beekman et al. 2009). This is not the only role of urease in ESC. Other roles
include the ability of E. ictaluri to survive in the gastric acidic medium through
protecting it from the bactericidal effect of the gastric acid. Additionally, this enzyme
enables E. ictaluri to survive enough time in the pond after fecal shedding until ingested
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by catfish. The ability of E. ictaluri to persist in the pond are attributed to many causes
including stimulation of the plant photosynthesis that increases carbon dioxide level at
night so pH falls to 5.5 or lower during the morning and the higher water temperature that
increases ionization of water with more H+ ion concentrations (Booth 2006). As the
environment becomes acidic, the acid resistance system such as urease is activated to
convert urea to ammonia increasing environmental pH. Furthermore, blood urea nitrogen
(BUN) of catfish in commercial ponds (5.5 mg/dl) is lower than non-commercial ponds
(11.9 mg/dl) and laboratory tanks (8.3 mg/dl) which enables ESC outbreaks in
commercial ponds (Ellsaesser and Clem 1987, USDA 2003).
Edwardsiella ictaluri can survive and adapt to various host environmental
conditions including host hormonal changes, temperature, pH, salinity, and variations in
several nutritional elements. Elevated dietary arginine significantly reduces catfish
mortality following an E. ictaluri immersion challenge. Dietary arginine levels for
maximum growth of catfish are 0.8-0.9% of a 24% protein diet. However, providing
arginine at 0.5, 1, 2, and 4% of the diet resulted in no improvement in survival rate except
in the fish fed the diet with 2% arginine after 21 days exposure (Buentello and Gatlin
2001). Doubling dietary arginine increased resistance of catfish to E. ictaluri infection,
suggesting that arginine metabolism, possibly involving AdiA and possibly as unique
source of nitric oxide is important in E. ictaluri pathogenesis (Buentello and Gatlin Iii
1999, Buentello, Reyes‐Becerril et al. 2007).
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Diagnosis
Presumptive diagnosis
Clinical signs and pathological lesions
Enteric septicemia appears in acute as well as chronic forms. In the acute form,
catfish mortality is seen in 4-12 days. The disease is diagnosed by the gross signs
associated with ESC, which were first described in 1979 (Hawke 1979). Signs observed
in the acute form of ESC include petechial hemorrhages under the head, around the
mouth, and on the ventral or abdominal region. Hemorrhagic cutaneous lesions with
depigmented ulcers are also observed. Internally, the liver and other organs have
hemorrhages and necrotic foci (Areechon and Plumb, 1983). Ascites in the body cavity
and enlargement of the spleen have been observed (Hawke, 1979; Jarboe et al., 1984).
Histological examination reveals a systemic infection of all organs and skeletal muscles,
with the most severe changes being diffuse necrosis of the anterior and posterior kidney,
and focal necrosis in the liver and spleen (Blazer et al., 1985). Gill inflammation,
exophthalmia, and anemia may also be observed.
In the chronic state, studies suggest that E. ictaluri enters the brain via the
olfactory bulb, colonizes the olfactory sac, and causes ulceration of the cranium
(Miyazaki and Plumb, 1985; Morrison and Plumb, 1994). The infection then spreads
systemically along the olfactory nerves causing generalized septicemia and
granulomatous inflammation. The encephalitis leads to abnormal swimming behaviors
(Hawke et al., 1998). After that, swelling of the dorsum with erosion and ulceration
occurs as the inflammatory process causes the connective tissue to erode (Morrison and
Plumb, 1994). Ulceration exposes the brain resulting in what is known as the 'hole in the
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head' condition (Shotts et al., 1986). This is often followed by death due to secondary
opportunistic bacteria.
Confirmatory diagnosis
Edwardsiella ictaluri medium (EIM) was formulated as a selective media for the
confirmatory test (Shotts and Waltman 1990). Also, E. ictaluri does not produce
hydrogen sulfide on triple sugar iron (TSI) and is non-motile at temperatures above 37ºC
(Plumb 1999). A validated real-time polymerase chain reaction (PCR) assay was
developed to detect the presence of E. ictaluri pathogens in tissue samples of fish thereby
quantifying bacterial DNA per cell equivalents (Bilodeau, Waldbieser et al. 2003).
Recently, an indirect fluorescent antibody (IFA) test has been demonstrated to be an
efficient tool for rapid detection of E. ictaluri during outbreak episodes (Panangala,
Santen et al. 2005 b). A new intervening sequence (IVS) in the 23S rRNA of E. ictaluri
was also identified and used for ESC detection (Zhang and Arias 2007).
Control of Enteric Septicemia of Channel Catfish
Several studies have been carried out for developing new strategies to treat or
reduce the economic losses due to ESC.
One suggestion to control disease was the use of hybrids (channel x blue catfish).
Hybrid catfish are reported to have higher resistance to ESC. A study was conducted
using channel catfish, blue catfish, and the reciprocal F1 hybrids to investigate resistance
against ESC. The results showed that there were no statistical differences in resistance of
the F1 hybrids when compared to channel catfish and blue catfish, although they showed
the lowest level in mortality and antibody in blue catfish, intermediate in hybrids and
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highest in channel catfish (Wolters and Johnson 1994, Wolters, Wise et al. 1996,
Bosworth, Wolters et al. 1998, Camp, Wolters et al. 2000).
Antimicrobial drugs were developed to control ESC by feeding antibiotic
medicated feed. Romet, oxytetracycline, and Aquaflor are the only antibiotics approved
by the Food and Drug Administration (FDA) for controlling ESC (Gaunt, Endris et al.
2003). Romet 30® (Alpharma, Inc., Animal Health Division, Fort Lee, New Jersey) is a
5:1 mixture of sulfadimethoxine and ormetoprim but it had a palatability problem due to
the presence of ormetoprim (Poe and Wilson 1989). They overcame disadvantage by
adjusting the fish meal composition from 4 to 16% and use of a new top coating method
for applying the drug on feed (Robinson, Brent et al. 1990). Treatment using Romet 30®
can only be effective if administered early in the disease outbreak while most of the
affected population is actively feeding.
Aquaflor is a feed additive used at 10 mg/ kg fish against ESC in the USA.
Studies on the effect of this antibiotic and body weight were evaluated using different
doses, and the results showed that there were no mortalities or clinically visible changes
noted at any of the dose levels tested. However, decreased feed consumption was noted in
the 30 and 50 mg/kg BW/day groups (Gaikowski, Wolf et al. 2003). Antibiotic treatment
is expensive and less effective because sick fish go off feed and antibiotic resistance
during recurrent outbreaks has been observed (Waltman II, Shotts et al. 1989, Cooper,
Starliper et al. 1993). Also, the plasmid-mediated resistance of several strains of E.
ictaluri to Romet and Aquaflor has been documented (Starliper, Cooper et al. 1993). The
decreasing effectiveness of antibiotics in controlling bacterial fish disease and the
successful use of vaccines in mammals have led to the development of vaccines for fish.
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Farmers observed that withholding feed during an ESC outbreak resulted in
reduced mortality and increased survival (Wise and Johnson 1998), while research
studies (Lim and Klesius 2003) found that feeding every day induced chemotaxis of high
macrophage numbers in response to E. ictaluri exo-antigen and thus more resistance to
ESC than fish not fed throughout the disease outbreak.
Recently, many successful vaccines have been developed in aquaculture. The
majority of fish vaccines are targeting bacterial pathogens with few targeted against viral
agents. Vaccination is one of the most effective and preventive measures against the
disease outbreaks in aquaculture. Vaccination is to induce a protective immune response
to the specific pathogen without the risk of acquiring disease. LAVs are one of the most
efficient types of vaccines that stimulate innate and adaptive mucosal, systemic immune
response (Shoemaker, Klesius et al. 2009).
History of fish vaccination
Vaccination was discovered when Jenner inoculated a boy with infectious
material from cowpox to induce immunity to smallpox (Jenner 1800). This process was
called inoculation and later vaccination.
The attempts of fish vaccination were started in 1938 when Snieszko showed that
fish build up protective immunity after injection with killed Aeromonas punctata bacteria
in carp. However, the author did not expect that this method would be applied in the
future (Snieszko, Piotrowska et al. 1938). Moreover, he showed that intraperitoneal
injection (ip) of killed or attenuated bacteria evoked protective immunity upon challenge.
A method for commercial fish vaccination in carp culture was developed (Schäperclaus
1942).
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The first report on oral vaccination of fish was developed by Duff using antifurunculosis vaccines (Duff 1942). However, his result received no attention due to the
disease control during the Second World War depending on large numbers of antibiotics.
This era is called the era of chemotherapy in which sulfa drugs were considered very
effective therapy for bacterial disease (Evelyn 1997). This is followed by the report on
vaccination of fish against spring viremia of carp using an ip injection of formalin-killed
virus (Goncharov and Mikriakov 1968).
With increased attention to antibiotic resistance to specific pathogens and drugs
used in aquaculture, the possibility of vaccination to prevent and control fish diseases and
the development of commercially available vaccines increased in the mid to the late
1970s (Klontz and Anderson 1970).
Recently, several types of commercial vaccines are licensed against many fish
disease, and few of them are LAVs (table 1).
Table 1

Licensed live attenuated commercial vaccines

Commercial
vaccine
Arthrobacter
vaccine
Renogen®

Disease

Etiology

Host

Bacterial kidney
disease (BKD),
Piscirickettsiosis

Renibacterium
salmoninarum
and
Piscirickettsia
salmonis

Salmonids.

Route of
administration
Injection

E. ictaluri
vaccine
AQUAVACESC
Flavobacterium.
columnare
vaccine
AQUAVACCOL

Enteric
Septicemia of
Channel Catfish
(ESC)
Columnaris
disease

E. ictaluri

Catfish

Immersion

F. columnare

Catfish

Immersion
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Reference
(Griffiths,
Melville et
al. 1998,
Salonius,
Siderakis et
al. 2005)
(Shoemaker,
Klesius et
al. 2009)
(Shoemaker,
Klesius et
al. 2009)

For ESC, many vaccine trials were developed to prevent and reduce ESC. The
killed bacterins were first used for many years in the salmonid aquaculture against
bacterial disease such as yersiniosis and vibriosis (Busch 1982). A killed vaccine was
used against edwardsiellosis in which channel catfish were vaccinated 12-day post-hatch
(DPH) with a formalin-killed E. ictaluri vaccine by immersion or immersion followed by
an oral booster. However, there was a disadvantage related to this vaccine type including
the inability to enter the fish or colonize fish lymphoid tissue, so it stimulates only an
antibody response and gives no long-acquired immunity. Additionally, E. ictaluri is an
intracellular pathogen, so the lack of success of the killed vaccines against this
intracellular pathogen was expected (Miyazaki and Plumb 1985, Morrison and Plumb
1994, Nusbaum and Morrison 1996, Thune, Collins et al. 1997). Due to this problem,
Klesius suggested that a virulent live vaccine had the best potential to stimulate both
humoral and cell-mediated immunity which is the ideal response to immunization.
Moreover, live attenuated E. ictaluri vaccines are colonized in deep lymphoid tissues,
like spleen, liver, and kidney (Klesius 1992). Additionally, bacterins only partially
protected against ESC because they only stimulate humoral immunity, but not cellmediated immunity. These attributes made E. ictaluri a promising candidate to be
developed as a LAV for the catfish aquaculture industry.
One of the first LAV candidates used against E. ictaluri was an adenineauxotrophic strain of E. ictaluri constructed from a mutated PurA gene. This vaccine is
commonly known as LSU-E2. LSU-E2 was highly attenuated by the injection,
immersion, and oral routes of exposure in comparison to wild-type E. ictaluri. LSU-E2
was able to invade channel catfish by the immersion route and persist in internal organs
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for at least 48 hours leading to protection of channel catfish that were vaccinated with a
single immersion dose of LSU-E2 with significantly lower mortality following a wildtype E. ictaluri challenge compared to non-vaccinated (Lawrence, Cooper et al. 1997).
The E. ictaluri RE-33 vaccine strain was selected by serial passages in increasing
concentrations of rifampicin (33 passages). This vaccine lacks O-polysaccharide. Many
studies were applied at different ages of channel catfish to determine the safety and
efficacy of this vaccine. Vaccination of channel catfish fingerlings (3-9 months of age)
with E. ictaluri RE-33 at 200 times the vaccine dose and for 30 times longer exposure
showed no mortality, the lack of antibody response, and the clearance of live vaccine
strain in the host at about 14 days post vaccination, suggesting that this strain enters and
persists in the host to be effective (Klesius and Shoemaker 1999). Currently, E. ictaluri
spontaneous rifampicin-resistant (RE- 33) vaccine is licensed and marketed under the
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name of AQUAVAC-ESC as a commercial vaccine against ESC by Intervet, Inc.
(Shoemaker et al. 2002). This vaccine colonizes deep lymphoid tissues of the fish and
confers a modest level of immune protection against ESC in catfish 3-9 months of age for
at least four months following a single immersion dose without booster vaccination
(Klesius and Shoemaker 1999, Shoemaker, Klesius et al. 1999).
The vaccination of channel catfish, with the commercial Intervet vaccine as young
as 7-12 days post-hatch was possible with a relative percentage survival (RPS) greater
than 50%. Furthermore, the in ovo vaccination of eyed channel catfish eggs was possible
and showed that the RPS was 87.9 in the eyed egg group (hatching into fry four days
after treatment) vaccinated with modified live RE-33 grown in brain heart infusion
(BHI). However, the eyed egg group hatching 24 hours after treatment and vaccinated
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with the lyophilized commercial vaccine (Aquavac-ESC) showed more mortality, and
less RPS (59.7) in single vaccinated treatment than in the booster vaccinate (27.3) and
non-vaccinate (Shoemaker, Klesius et al. 2002). The relationship between vaccine dose
and age showed that the higher dose of RE-33 led to low mortality rate after challenge of
fry with virulent strain than lower and intermediate dose. In addition, RE-33 was
recovered from a higher percentage of fry that were vaccinated at the high and
intermediate doses compared to fry vaccinated at the lowest dose (Wise and Terhune
2001).
Despite the availability of this commercial vaccine, ESC is still among the most
severe diseases in the catfish industry. Thus, several studies aim to develop LAV
candidates to overcome this problem.
Many vaccines were constructed as LAVs depending on deletion of one or more
genes from the tricarboxylic acid cycle (TCA) and one carbon metabolism (C-1) pathway
as these cycles are critical for E. ictaluri virulence. The result showed that vaccination of
catfish fingerlings with nine mutants (EiΔsdhC, EiΔfrdA, EiΔmdh, EiΔgcvP EiΔglyA,
EiΔfrdAΔsdhC, EiΔgcvPΔsdhC, EiΔmdhΔsdhC, and EiΔgcvPΔglyA) constructed from
these cycles provided significant protection against subsequent challenge with a virulent
strain. Vaccinated catfish had 100% survival after challenge with wild-type in all mutant
constructs except EiΔgcvPΔglyA and EiΔgcvP (Dahal, Abdelhamed et al. 2014).
Additionally, our lab constructed other mutants that could protect against ESC including
inframe deletion of hemR (EiΔhemR). The result showed that this mutant was highly
virulent in catfish fry (14-day old). To improve the safety of this mutant, double and
triple hemR mutants have been constructed. However, the results indicated that triple
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hemR (EiΔhemRΔfrdAΔsdhC) was more attenuated than double hemR (EiΔhemRΔfrdA
andEiΔhemRΔsdhC). The triple hemR was constructed by deletion of one gene related to
iron regulation and two genes related to tricarboxylic acid cycle and one carbon
metabolism pathway. This mutant showed 62.41% mortalities in the immunized fry.
However, the RPS was 98.3% in the immunized fry following challenge with WT E.
ictaluri (Abdelhamed, Ibrahim et al. 2018). Recently our lab sought to improve the safety
of the vaccine constructed from tricarboxylic acid cycles, by developing two triple
mutants called ESC-NDKL1 (ΔgcvPΔsdhCΔfrdA) and ESC-NDKL2
(ΔgcvPΔsdhCΔmdh). The first one was constructed by deletion of frdA in a gcvP-sdh
mutant and the second was constructed by deletion of mdh in a gcvP-sdh. The results
showed that ESC-NDKL1 had better safety and efficacy than ESC-NDKL2 with
significant survival rate reaching 95.22% in fry after immersion-oral vaccination (Nho,
Abdelhamed et al. 2017). Furthermore, our research group has developed a new live
attenuated strain by inframe deletion of E. ictaluri evpB, a protein located in the T6SS
operon. The safety and efficacy of these strains were evaluated in fry and fingerlings and
the results showed that EiΔevpB was fully safe and protective in fingerlings with 0%
mortality following vaccination and 100% survival after challenge with WT. However,
the safety and efficacy of EiΔevpB in catfish fry was dose-dependent with 0% mortality
for 106 and 107 CFU/ml of water vaccination while 34.24% and 80.34% survival were
observed after challenge with EiWT at 107 CFU/ml of water (Abdelhamed, Lawrence et
al. 2018).
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Factors affecting the efficacy of vaccination
Many factors affect the efficacy of vaccination including host species, age, water
temperature, antigen dose, nature of the antigen, route of administration or the methods
that mimic natural disease transmission, and adjuvants are considered as a factor
affecting the outcome of immune response (Meshram, Shanware et al. 2003).
Routes of administration
Parenteral vaccination
Parenteral vaccination includes intraperitoneal (ip) and intramuscular (im). These
methods are considered the most applicable methods. The intraperitoneal methods inject
oil adjuvant injectable vaccine while the intramuscular one delivers DNA plasmid
(Brudeseth, Wiulsrød et al. 2013). Although strong and long-lasting protection is evoked
by the injection, it has more stress on fish during handling. Additionally, this method is
associated with a local effect on injection side including tissue damage, necrosis, and
inflammation depending on the type of adjuvant used with the injectable vaccine. Also,
these methods are not applicable to small fish.
Mucosal vaccination
Mucosal vaccination includes immersion, spray, and oral vaccination. Immersion
vaccination is an effective method for immunization of fish, especially small fish.
However, this method has low efficacy and short protection.
Although each method has advantages and disadvantages, the immersion and
injection routes are widely accepted and provide enough protection for fish immunization
in commercial production (Evensen 2009). On the other hand, oral vaccination has
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limited efficacy not only due to the digestion and decomposition through the passage in
the stomach but also due to the highly tolerogenic gut environment which is called oral
tolerance (Joosten, Engelsma et al. 1997). The encapsulation of antigen in polylactic
glycolic micro-particle was considered the solution to avoid the damage through stomach
passage (Lin, Yu et al. 2005).
Measures of vaccine efficacy
The measure of the vaccine efficacy is a very important part of the vaccine
development to be sure that the vaccine is safe and efficacious. The measures of safety
and efficacy are dependent on challenge models, measure of vaccine safety and efficacy,
and the correlation of the protection level with immune response.
The challenge methods are fundamental in judging the vaccine efficacy as the
intraperitoneal injection of the pathogen and live strains enable the pathogen to gain
access to systemic circulation and spread to internal organs in a short time. The major
problem with this method is that it does not mimic the natural infection as the pathogen
does not gain entry through the natural mucosal surface to the systemic environment and
cannot be applied on a large scale. Additionally, it causes stress on the fish which could
decrease the immunity and increase the mortality. Furthermore, tissue damage at the
inoculation site could lead to necrosis, and secondary bacterial invasion in addition to the
improper vaccine preparation could result in a reduction of the antigen level and thus
reduction in protection (Anderson 1974). On the contrary, challenge by immersion or
bath mimics the natural route of infection through colonization and penetration of
mucosal surfaces before entering the systemic environment. Thus, immersion methods
give a better understanding of the disease progression starting from colonization of
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pathogen on the mucosal surface and followed by penetration and dissemination to
internal organs. Thus, immersion vaccination enables understanding of the mechanism of
protection through studying the ability of vaccine to block the bacterial colonization and
penetration through the mucosal surface and thus prevent the tissue damage in target
organs. This method can be applied on a larger scale without causing stress on the fish
(Amend and Eshenour 1980).
Recently, there are several methods used to estimate the vaccine safety and
efficacy including RPS, bacterial and antigen persistence in the tissue, bacterial counting
through quantitative PCR (qPCR), serum inhibition test (SIT), IHC and prevention of
pathological effects
The RPS is the most widely used approach to evaluate the efficacy of vaccines.
This method determines the survival rate compared to mortality rate through the number
of vaccinated fish that survive after challenge with pathogenic bacteria to the number of
unvaccinated control fish. However, this method cannot determine the mechanisms of
vaccine protection. By this method, we cannot determine if the vaccination blocks the
pathogen colonization or prevents the pathogen dissemination in different organs and,
thus, the pathological damage to the tissue.
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CHAPTER II
ASSESSMENT OF ANTIIGEN UPTAKE AND MUCOSAL RESPONSES IN
VACCINATED CHANNEL CATFISH FRY
Immersion vaccination is the practical method for mass vaccination in
aquaculture, especially for vaccination of fry fish. E. ictaluri is a primary bacterial
pathogen of channel catfish and the causative agent of enteric septicemia of catfish
(ESC). E. ictaluri is known to gain entry to the host by several routes. However, the
mechanisms of vaccine or LAV antigen uptake at mucosal surfaces, and subsequent
protection after immersion are still unknown. Here, we evaluate antigen uptake and the
immune response of the mucosal surfaces of catfish fry following immersion vaccination
with E. ictaluri live attenuated strains. To accomplish this goal, two-week-old catfish fry
were exposed to commercial vaccine (Aquavac-ESC), and mutants
EiΔhemRΔfrdAΔsdhC, EiΔevpB, and ESC-NDKL1 (EiΔgcvPΔsdhCΔfrdA). Two control
groups were included, E. ictaluri wild-type (WT) and BHI (negative control) groups.
After 21 days post vaccination, fish were challenged with WT. Antigen uptake in the
skin, gastrointestinal tract, nares, and gills were assessed using scanning and transmission
electron microscopy, and immunohistochemistry. Following vaccination, antigen uptake
for all strains occured through skin, lateral line and gastrointestinal tract for WT and
EiΔhemRΔfrdAΔsdhC. Nares play an important role in antigen uptake of EiΔevpB and
EiΔgcvPΔsdhCΔfrdA. However, gills had no role in antigen uptake of any strain.
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Immunologically, B cell-like and epithelial cells are involved in antigen uptake.
Keratinocytes had migratory action toward the antigen and wound areas especially in
vaccinated fish with EiΔevpB, EiΔgcvPΔsdhCΔfrdA and Aquavac-ESC compared to nonvaccinated controls. Increases mucus secretion and granuloma formation were considered
as an early innate and late adaptive immune response. Pathologically, epidermal
blebbing, erosion and ulceration were the most frequently detected lesions in the skin.
Following challenge of vaccinated fish with WT, reduction of bacterial colonization on
the skin was observed. Our data suggest that the antigen uptake through the mucosal
surface induces immunity and protection and, subsequently, reduces the bacterial
colonization especially to skin.
Introduction
Mucosal tissue plays a key role in the recognition and elimination of pathogens in
mammals as well as fish (McNeilly, Baker et al. 2008). The skin constitutes the largest
area of continuous contact with the external environment and is vitally important (Ingram
1980, Elliot 2000, Rakers, Gebert et al. 2010). The body surface of fish (gill, nasal pit,
intestine, and skin) is known as an important site of pathogen exposure as well as antigen
uptake. Several studies have shown that phagocytosis of antigen occurs through mucosal
tissues of teleosts (Amend and Fender 1976, Lindell, Fahlgren et al. 2012).
Farmed catfish are the dominant aquaculture species in the USA. These species
are susceptible to many pathogens including Aeromonas hydrophila, Flavobacterium
columnaris, Edwardsiella tarda and Edwardsiella ictaluri. Edwardsiella ictaluri is a
Gram-negative, short rod bacterium that is associated with a severe, highly fatal enteric
septicemic disease, either in acute or chronic forms of infection (Klesius 1992). The
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annual economic losses of the disease in catfish production drives investigation for a
solution to this problem.
Vaccination is the most effective method for controlling the infectious disease.
Previously, our lab constructed three live attenuated strains either by in-frame deletion of
three genes from hemR and tricarboxylic acid cycle (EiΔhemRΔfrdAΔsdhC)
(Abdelhamed, Ibrahim et al. 2018), or E. ictaluri T6SS evpB protein (EiΔevpB)
(Abdelhamed, Lawrence et al. 2018), or deletion of three genes related to tricarboxylic
acid cycle (EiΔgcvPΔsdhCΔfrdA) (Nho, Abdelhamed et al. 2017). The first caused fish
mortality reaching approximately 60%, while the other two strains caused no fish
mortality (Nho, Abdelhamed et al. 2017, Abdelhamed, Ibrahim et al. 2018, Abdelhamed,
Lawrence et al. 2018).
Many methods are used to vaccinate fish including injection, and immersion or
oral methods. The immersion and oral vaccination are considered a type of mucosal
vaccine in fish. Immersion vaccination has many advantages including the ability to
vaccinate large numbers of small fish in a short time without any stress on the fish.
Additionally, it can stimulate the mucosal immune response (Gudding, Lillehaug et al.
1999).
During immersion vaccination, the fish surfaces are exposed to the live attenuated
vaccines (LAVs) and the antigen enters through the skin, gills and the gut after drinking
(Huising, Guichelaar et al. 2003). The amount and persistence of antigen uptake will
affect the efficacy of the immune system and thus the vaccine efficacy (Moore, Ototake
et al. 1998, Cobo, Makosch et al. 2014). The route of entry for the E. ictaluri is fully
studied, and intestine is reported as the primary route of entry (Booth, Elkamel et al.
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2006, Li, Zhang et al. 2012). Additionally, skin, gills, and nasal pits have also shown to
be routes of entry in previous studies (Baldwin and Newton 1993, Menanteau-Ledouble,
Karsi et al. 2011). Several studies investigated the amount and routes of antigen uptake
through the mucosal surface of other fish following immersion vaccination. These studies
include zebrafish with immersion exposure to a genetically modified Yersinia ruckeri
bacterin (Korbut, Mehrdana et al. 2016), rainbow trout immersion exposure to inactivated
and live Yersinia ruckeri (Khimmakthong, Deshmukh et al. 2013), flounder immersion
vaccination with inactivated E. tarda (Gao, Tang et al. 2016) and rainbow trout antigen
trapping of inactivated Y. ruckeri O antigen in the gill (Torroba, Anderson et al. 1993).
However, no studies have assessed the antigen uptake of E. ictaluri LAVs through
mucosal surfaces of catfish following immersion vaccination.
Here, we evaluated the ability of three candidate strains (EiΔhemRΔfrdAΔsdhC,
EiΔevpB and EiΔgcvPΔsdhCΔfrdA) to attach, become internalized through mucosal
surfaces, and evoke an immune response. Additionally, we studied the pathological and
immunological mucosal response associated with the colonization of mucosal surfaces.
We also evaluated vaccine efficacy during challenge in order to estimate the ability of
vaccinated fish to prevent or reduce pathogen colonization. To reach this goal,
immunohistochemistry (IHC), transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were used.
Material and methods
Experimental fish
Specific Pathogen Free (SPF) catfish fry (14-day-old) were reared at the College
of Veterinary Medicine, Mississippi State University. The fish were stocked into 40 L
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flow-through tanks supplied with dechlorinated municipal water. The water temperature
was maintained at 22–24℃ and fish were fed twice daily.
Immersion vaccination and sampling
Approximately 2400 two-week-old SPF catfish fry were stocked into six 40 L
tanks (four hundred fry in each tank). The six tanks represent six groups; E. ictaluri WT,
triple-hemR mutant (EiΔhemRΔfrdAΔsdhC), Aquavac-ESC, EiΔevpB, ESC-NDKL1
(EiΔgcvPΔsdhCΔfrdA), and BHI exposure (negative control group). Fry were
acclimatized to the tanks two days before immersion challenge. For immersion
challenges, water in each tank was lowered to 10 L, and 100 mL of overnight cultures
were added to their respective tanks as previously described (Dahal, Abdelhamed et al.
2013). After 1h immersion, the water level was returned to each tank. After 28 day of
vaccination, all groups were immersion challenged with E. ictaluri in a similar manner to
the first challenge. Three fish were euthanized by tricaine methanesulfonate overdose
(300 mg/l) and sampled at 6 h, 1 d, 2 d and 3 d pre- and post-challenge for IHC and EM
analysis either SEM (one fish) or TEM (two fish).
Immunohistochemistry (IHC)
Three catfish fry per treatment per time point were fixed in 10% neutral buffered
formalin for 24 h. The whole fry was placed in a cassette then processed and embedded
in paraffin. The tissue block was sectioned at 5-micrometer thickness and analyzed for E.
ictaluri antigens. A monoclonal mouse anti-E. ictaluri (Ed-9) was used as a specific
antibody for staining E. ictaluri (Ainsworth, Capley et al. 1986). Deparaffinized sections
were treated with hydrogen peroxide and serum protein for 30 min. The sections were
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then incubated with the primary mouse anti Ed-9 monoclonal antibody (Ainsworth,
Capley et al. 1986) at 1:500 dilution with bovine serum albumin for 1h. The slides were
washed with PBS and incubated with secondary polymer antibody labeled with
horseradish peroxidase (DAKO) for another hour. Slides were washed again and
incubated with 3,3'-diaminobenzidine (DAB) for 10 m and then counterstained with
hematoxylin for 5 m. The negative control was represented by immunohistochemistry
without primary antibody to confirm inactivation of endogenous peroxidase.
Transmission electron microscopy
The two fish were dissected, and tissue specimens from intestine, nares, and gills
were fixed in 0.5 Karnovsky’s fixative in 0.1M Na cacodylate buffer pH 7.2 for a
minimum of 24 hours. Samples were then rinsed, postfixed in 2% osmium tetroxide,
dehydrated through a graded ethanol series, and embedded in Spurr’s resin using acetone
as a transition fluid. Embedded samples were cut using a Reichert Jung Ultracut E
ultramicrotome. To identify specific areas for TEM observation, initial thick sections
(0.5μm) were cut, stained with toluidine blue, and examined with a light microscope.
Ultrathin sections (80 nm) of selected areas were collected on 75 mesh copper grids,
stained with uranyl acetate and lead citrate, and then examined with a JEOL JEM 1230
transmission electron microscope. Images were recorded with an AMT camera.
Scanning electron microscope (SEM)
Catfish fry skin was fixed in 0.5 Karnovsky’s fixative in 0.1 M Na cacodylate
buffer, then cut into three or four pieces, and rinsed in distilled water 4 times each for 15
m. Secondary fixation in osmium tetroxide was applied on the skin piece for 2 h, then
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rinsed again four times each 15 m, then gradually dehydrated in a graded series of ethanol
(35%, 50%,70%) each two changes for 15 m. This was followed by overnight incubation
in 70% alcohol, then 2 changes of 95% ethanol each 15 m and 4 changes of 100% ethanol
each 15 m. The tissues were transferred in a graded mixture of hexamethyldisilazane
(HMDS) and ethanol (25%, 50%, 75%), then 100% HMDS 2 changes each for 1hr. This
was followed by overnight air dry and mounting on metal stub using two-sided carbon
sticky tape, coated by 45 nm of platinum in EMS Coater operations and finally examined
by a JEOL-6500 scanning electron microscopy.
Results
Detection of E. ictaluri live attenuated strains in the mucosal tissues of catfish fry
using immunohistochemistry (IHC)
To follow the area of attachment, uptake and internalization of LAVs through
mucosal surface, we applied IHC at different time points, including 6 h, 1, 2 and 3 d post
vaccination and following challenge with EiWT. Positive immunostaining antigen signals
were evident in the intestine of WT group and triple hemR at 6 h and 1-day postimmersion exposure. These signals were minimal at 6h and gradually increased at day 1
post exposure. At these time points, most of the positively immune-stained bacteria were
attached to the mucus in the intestinal lumen with a few attached to the mucosal
epithelium (Fig. 1a and 1c). Toward day 2, the positive antigen signals was observed in
the lamina propria either free or inside the resident phagocytic cells (Fig. 1b). Few
bacterial cells were observed on the epithelium of skin especially on the abdominal
regions, the cranial surface of the skin and the caudal fin. Bacteria were either attached to
epidermal surface, inside scavenger lymphocyte-cell like on the surface of the skin or
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invaded in the dermal layers (Fig. 3a, 4b, and c). No positively stained antigen were seen
in the WT and triple hemR nasal opening and gills over the examined time points (Fig.
2a). However, at 2-day post infection, the highest numbers of EiWT were found in the
lamina propria of nares inside the phagocytic cells (Fig. 2b). Also, few antigen bacterial
cells were seen either extracellular or intracellular inside the blood vessels of primary and
secondary lamellae of the fish exposed to EiWT and triple hemR at 2 days post-exposure
(Fig. 5b, c).
However, in the group vaccinated with Aquavac-ESC, no detectable positively
stained bacteria were observed in the intestine, nasal opening (Fig.2c) and gills (Fig.5d);
only a few bacterial cells were seen on the skin (Fig. 3b and 4d). In the vaccinated group
with EiΔevpB, no detectable positive immune-stained antigen was observed in the
intestine, although few positive antigens were detected in the epithelial lining of the
esophagus. Few bacteria signals were attached to the ciliary epithelium of nasal opening
at 6-hour post vaccination (hpv). These antigen signals were abundant on day 1 (Fig. 2d).
Toward day 2 pv, these signals invaded the olfactory epithelium (Fig. 2F). The antigens
were also observed in the skin, especially the skin covering buccal regions (Fig. 3c) and
abdominal regions (inside surface lymphocyte cell like or in the dermal layer) (Fig. 4e).
The positive antigen were seen at different levels and amounts on epithelial lining of
skin. No positive antigen was seen in the gills (Fig. 5e). In the group vaccinated with
ESC-NDKL1, few positive immune-staining antigens were detected in the intestinal
lumen (Fig. 1d). Additionally, these signals are intensely expressed in the mucus of
interlamellar space of the nasal opening and the olfactory epithelial lining at day 1 pv
(Fig. 2e). This was followed by few invaded signals at day 2 pv (Fig. 2f). The positive
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antigen signals were abundant on day 1 with high expression level on the skin covering
buccal (Fig. 3d), pectoral fin (Fig.4a), and abdominal regions (Fig. 4f). Furthermore, no
antigen was observed in the gills (Fig. 5f).

Figure 1

Immunohistochemistry of intestinal section from WT E. ictaluri and live
attenuated strains at 1 and 2 dpi and pv.

a) Intestinal section of WT group showing numerous positive immune-stained bacteria
attached to the intestinal mucus (arrow) at day 1 pi, IHC, 400X. b) Intestinal section of
WT group showing few positive bacteria invading the intestinal mucosa and the lamina
propria (arrow) at day 2 pi, IHC, 400X. c) Intestinal section of triple-hemR showing
multiple positive immune-stained live attenuated strain in intestinal lumen (arrow), IHC,
400X. d) Intestinal section of vaccinated group with ESC-NDKL1 showing few immunestained strain in the lumen (arrow) at day 1 pv, IHC, 400X.
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Figure 2

Immunohistochemistry of WT E. ictaluri and live attenuated strains in nares
at 1 and 2 dpi and pv.

a) Nares section of WT group showing no detectable positive immunostaining at day
1 pi, IHC, 200X. b) Nares section of WT group showing many immune positive
stained bacteria inside and outside the phagocytic cells in lamina propria at 2 dpi,
IHC, 400X. c) Nares section of Aquavac-ESC group showing no detectable
positive immunostaining bacteria at 1 dpv, IHC, 400X. d) Nares section of the
vaccinated group with EiΔevpB showing positive immunostaining live attenuated
strain attached to olfactory lamellar cilia (arrow) at 1dpv, IHC, 400X. e) Nares
section of the vaccinated group with ESC-NDKL1 showing numerous positive
antigens attached to olfactory epithelium at 1 dpv, IHC, 400X. f) Nares section of
the vaccinated group with ESC-NDKL1 and EiΔevpB showing few positive
immunostaining strains invading the olfactory epithelium (arrow) at 2 dpv, IHC,
400X.
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Figure 3

Immunohistochemistry of E. ictaluri WT and live attenuated strains in skin
covering cranial regions at 1 dpi and dpv.

a) Cranial skin section of catfish WT group showing positive immunostaining bacteria
(arrow) at day 1 pi, IHC, 400X. b) Cranial skin section of catfish vaccinated with
Aquavac-ESC showing few detectable positive immunostaining bacteria at 1 dpv, IHC,
200X. c) Cranial skin section of catfish vaccinated with EiΔevpB showing positive
immunostaining live attenuated strain in contact to to epidermal cell (arrow) at 1 dpv,
IHC, 400X. d) Cranial skin section of vaccinated group with ESC-NDKL1 showing
numerous positive strain attached and superficially between epidermal cells (arrow) at 1
dpv, IHC, 600X.
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Figure 4

Immunohistochemistry of E. ictaluri WT and live attenuated strains in skin
covering fins and abdominal regions at 1 dpi and dpv

a) Pectoral fin section of the vaccinated group with ESC-NDKL1 showing positive
immunostaining live attenuated strain (arrow) at 1 dpv, IHC, 400X. b) Caudal fin
section of E. ictaluri WT group showing few detectable positive immunostaining
bacteria inside epidermal cells at 1 dpi, IHC, 200X. c) Abdominal skin section of
WT showing positive immune stained bacteria either inside B cell like on the
surface of skin or in the dermal layer (arrow) at 1dpi, IHC, 400X. d) Abdominal
skin section of vaccinated group with Aquavac-ESC showing numerous positive
strain attached to abdominal skin (arrow) at 1 dpv, IHC, 200X. e) Abdominal skin
of vaccinated group with EiΔevpB showing few detectable immunostaining live
attenuated strain either inside B cell like on the surface of skin or in the dermal
layer at 1dpv(arrow), IHC, 400X. f) Abdominal skin of vaccinated group with
ESC-NDKL1 (triple) showing few detectable immune positive strain in contact
with epidermal cell at 1dpv, IHC, 400X.
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Figure 5

Immunohistochemistry of E. ictaluri WT and live attenuated strains in gills
at 6h and 3dpi and dpv.

a) WT gills showing no positive immunostaining bacteria at 6hpi, IHC, 400X. b) WT
gills at 3dpi showing few positive bacterial signals in the blood vessels of secondary
lamellae (arrow), IHC, 400X. c) Catfish gills vaccinated with triple hemR showing few
positive immunostaining bacteria in secondary lamellae (arrow) at 3 dpi, IHC, 400X. d)
Catfish gills vaccinated with Aquavac ESC showing no positive immunostaining signals
at 6 hpi, IHC, 400X. e, f) Catfish gills vaccinated with EiΔevpB and ESC-NDKL1
showing no positive signals at 6 hpi, IHC, 400X.
Detection of Edwardsiella ictaluri and live attenuated strains using transmission
electron microscopy (TEM)
Intestine, nares, and gills were analyzed at 6h and 1day post exposure using TEM.
In the fish infected with E. ictaluri WT, the bacteria were observed inside enterocytes and
in the lamina propria either free or inside several types of phagocytic cells such as
resident macrophages, dendritic cells, and fibroblast-like cells at 1 and 2 dpi (Fig. 6a, b,
c, and d). Additionally, no detectable bacteria were observed on the nares and gills in
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which both organs showed their normal morphological structure at all time points (1, 2
and 3-day post-exposure) (Fig. 7 a, b and 8 a, b). At day 3 post exposure, severe
morphological changes were detected on the epithelial lining of nares and the lamina
propria. This included rupture of the cells with loss of plasma membrane and disruption
of the nucleus and cytoplasmic organelles. Many bacteria effaced the epithelial cells and
the reticular cells. Phagocytosis of the bacteria by these cells was associated with
intracellular bacterial clumping. Rupture of the cells resulted in many extracellular
bacteria (Fig.7c and d). However, no bacteria were observed in the intestine, gills and
nasal opening of the fish vaccinated with Aquavac-ESC at all time points. The bacteria
were attached to nasal opening at 6 h and 1dpv. No bacteria were attached to enterocytes
in the group vaccinated with EiΔevpB and ESC-NDKL1 (Fig. 6e).
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Figure 6

Representative TEM images of intestine from WT and vaccinated fish at 2
dpi and dpv.

a) WT intestine showing degenerate enterocyte expanded by engulfed bacterial
fragment (arrow) at 2 dpi, TEM, Bar=2μm. b) WT intestinal macrophages
showing phagosomes with either intact bacteria or clumped bacteria (arrow) at 2
dpi, TEM, Bar= 1μm. c) WT intestinal dendritic cells show electron-dense
bacteria inside the Birbeck like granules (arrow) at 2 dpi, TEM, Bar=800 nm. d)
WT intestinal phagocytic cell like shows intact bacteria inside a phagosome with
many lysosomal vesicles (arrow) at 2 dpi. e) Intestinal section from vaccinated
group showing normal morphological structure as normal columnar enterocyte
with normal brush border (thick arrow), goblet cell packed with numerous mucus
granules (thin arrow), and macrophages in between the enterocyte (star) at 2 dpv,
TEM, Bar= 2μm.
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Figure 7

Representative TEM micrograph of WT nares at days 1 and 3 pi.

a) WT catfish nares at 1dpi showing normal morphological structure of the olfactory
epithelium with numerous mucous cells (small black arrow), sensory cells with cilia
(orange arrow) and many resident cells as lymphocyte cell like and phagocytic cells
(thick arrow), TEM, Bar= 4μm. b) Nares at 1dpi showing many supporting cells (arrow),
TEM, Bar=4μm. c) Nares epithelium at 3 dpi showing many supporting cells in contact
with bacteria or phagocytosed bacteria with many clumped intracellular bacteria (arrow),
TEM, Bar= 6 μm. d) Nares lamina propria at 3 dpi showing many reticular and
phagocytic cells with intracellular bacteria and cytoplasmic remnants from ruptured cells
and extracellular bacteria (arrow), TEM, Bar= 8 μm.
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Figure 8

TEM micrograph of WT gills at 6h and 1 dpi.

a) Normal morphological structure of primary lamella with Malpighian cells has micro
ridges, goblet cells packed with many mucus granules inside the cytoplasm and presence
of peripheral flattened nucleus (black arrow) beside eosinophilic granular cells (orange
arrow) TEM, Bar= 2μm. b) Secondary lamella section showing chloride cells at the base
of the lamella (thick arrow) and epithelial cells with micro ridges lining the lamella
(black arrow) beside pillar cells in between the blood vessels (orange arrow), TEM, Bar=
4μm.
Detection of bacteria attachment, uptake, and internalization through the skin using
scanning electron microscopy (SEM)
The skin was used as a model to study the live attenuated strains of antigen uptake
and the mucosal immune response evoked following the immersion vaccination over the
experiment. Three areas of the fry skin surface were examined (the first area is skin
covering cranial regions, the second area is the skin covering abdominal regions and
lateral surface of the body, and the third area is the skin covering caudal regions) (Fig.9).
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Figure 9

Catfish fry skin.

Skin divided into three regions (caudal, middle and cranial regions).
Normally, the skin of the negative control group (sham group) consisted of
epithelial cells, mucous cells, taste buds and superficial neuromast. The epithelial cells
were polygonal with a series of microridges. The microridges were parallel to each other
forming a concentric pattern. Epithelial cells were well-demarcated by a well-defined
double row of closely spaced microridges (Fig. 10). Rounded or triangular goblet cells
were often detected with granular mucus secretion on the skin surface (Fig. 10).
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Figure 10

Normal morphological structure of catfish skin.

Skin of catfish fry showing normal architecture of the skin with characteristic
microridges (thick arrow) and oval or triangular goblet cells in between these epithelial
cells (thin arrow), SEM, Bar=2 μm.
After the catfish were exposed to E. ictaluri WT and LAVs, antigen uptake, WT
and live attenuated bacterial colonization, and mucosal changes were reported. The WT
and the live attenuated strains colonized the skin especially in the fin, abdominal regions
and buccal regions of the vaccinated and WT group. Additionally, lateral lines were often
affected, bacteria were observed in contact with many phagocytic cells in that region.
Initially, increased mucus secretion was detected on the surface. Later, granulomatous
dermatitis was evident, especially in the group challenged with WT and
EiΔhemRΔfrdAΔsdhC.
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In the infected WT group, moderate numbers of bacteria were attached to the
caudal and dorsal fins by 6 hours. These numbers increased at day 1 post-infection and
were associated with mild epidermal injury (loss of the characteristic microridges)
(Fig.11a). Additionally, numerous bacteria colonized the lateral line and surrounded by
many cells (Fig.12). However, few bacteria were attached to the intact skin covering
buccal regions (Fig. 13a) and to eroded, sloughed epidermal cells covering the abdomen
(Fig. 14a). Occasionally, few bacteria were observed on the intact skin surrounding the
nares (Fig.15a). Overall diffuse epidermal blebbing (Fig. 16a) with swelling, erosion and
ulceration were observed by 1 dpi in all skin areas. These lesions were increased toward
days 7 and 14 pi including an opening on the skin covering the caudal fins (Fig. 16b) and
aggregation of bacteria and inflammatory cells on the cranial skin.
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Figure 11

Representative SEM image for catfish fry skin covering caudal regions from
WT and vaccinated group after 1 dpi and dpv.

a) WT caudal fin showing epidermal cell bulging and numerous attached bacteria at 1 dpi
(arrow), SEM, Bar= 10μm. B) Vaccinated group with triple-hemR showing epidermal
cell bulging with loss of the characteristic microridges and few bacteria attached (arrow),
SEM, Bar= 10μm. C) Vaccinated group with Aquavac-ESC showing loss of epidermal
microridges and invading bacteria cross the epidermal cells (arrow) and other invade the
host through damaged goblet cell opening ( thick arrow) 1 dpv, SEM, Bar=2μm. D)
Vaccinated group with EiΔevpB showing aggregation of mucus granules and bacteria
(arrow) at 1 dpv, SEM, Bar=2μm.e) Caudal fin of vaccinated group with ESC-NDKL1
showing ulcerated surface with few bacteria and superficial necrotic debris (arrow) at 1
dpv, SEM, Bar=2μm.
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Figure 12

Lateral line of channel catfish fry

a) Normal lateral line (arrow), SEM, Bar= 200 μm b) lateral line of WT group with
multifocal aggregation of bacteria (black arrow) in contact with cells (orange arrow),
SEM at 1 dpi, Bar= 2 μm.
In the group immunized with triple-hemR (EiΔhemRΔfrdAΔsdhC), few bacteria
were seen on the bulging, rounded and lifted epidermal cells of caudal fin, buccal regions
and abdomen (Fig.11b, 13b and 14b). Furthermore, few bacteria were attached to nares
(Fig.15b). However, multifocal and diffuse granulomatous dermatitis was observed on
the caudal and dorsal fins represented by numerous inflammatory cells clumped around
bacterial colonies. Fibrin threads were also observed on the surface of dorsal fins and
many cells aggregated around bacteria and the necrotic epithelial cells (Fig. 16 c and d).
In contrast, the vaccinated group with Aquavac-ESC had no bacteria by 6 h on the
different areas of the skin examined. By day 1, a few bacteria were identified deep within
punctate ulcers or aggregated around the damaged openings of goblet cells of the caudal
fin regions, suggesting a portal for bacterial skin invasion and subsequent internalization
(Fig. 11c). Additionally, a focal area of bacterial aggregation was observed in the skin

47

covering abdominal regions. No bacteria were seen on the skin covering nasal pits (Fig.
15c) and gills.
In the group vaccinated with EiΔevpB, few bacteria were present in the epidermal
folds formed by the caudal and dorsal fins (Fig. 11d) and surrounded by a large amount
of mucus granules. Toward day 1, the number of this strain were slightly increased in the
skin covering caudal, dorsal fin, head, and eye with increased mucus granules around the
bacteria (Fig. 13d). Few EiΔevpB strain bacteria were also seen on gills and nasal cavity
associated with mucus granules (Fig. 15d).
In the group vaccinated with ESC-NDKL1, fewer bacteria were seen attached to
an eroded or ulcerated surface of caudal fin and on buccal regions with numerous mucus
granules surrounding (Fig. 11e and 13e). ). However, no ESC-NDKL1 strain was seen
on the skin covering the abdomen by day 1 post vaccination, although loss of microridges
was noted (Fig. 14c). Swollen, rounded and lifted epithelial cells were observed in
contact with the bacteria on the nasal pit (Fig. 15 e and f).
In all vaccinated groups except the group vaccinated with EiΔhemRΔfrdAΔsdhC,
focal areas of erosion, ulceration and epidermal sloughing were recorded over the
experiment periods as a pathological change. However, granulomatous dermatitis was
recorded in the WT group on day 14 post exposure.
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Figure 13

Representative SEM images for catfish fry skin covering cranial regions
from WT and vaccinated group at 1 dpi and dpv.

a) Catfish skin covering buccal regions infected with WT showing few bacteria on the
intact buccal surface (arrow) at 1 dpi, SEM, Bar= 2μm. b) Vaccinated group with triplehemR showing bulging epidermal cell with loss of the characteristic microridges and few
attached bacteria (arrow) at 1 dpv, SEM, Bar= 10μm. c) Vaccinated group with AquavacESC showing one bacterium on the intact surface of the buccal regions (arrow) at 1 dpv,
SEM, Bar=2μm. d) Vaccinated group with EiΔevpB showing aggregation of mucus
granules and bacteria at 1 dpv (arrow), SEM, Bar=2μm. e) Caudal fin of vaccinated
group with ESC-NDKL1 showing mixture of bacteria and mucus granules (arrow) at 1
dpv, SEM, Bar=2μm.
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Figure 14

Representative SEM images for catfish fry skin covering abdominal regions
from WT and vaccinated group at 1 dpi and dpv.

a) The skin covering abdomen of catfish infected with WT showing ulcerated surface
(black arrow), desquamating necrotic epidermal cells and few bacteria at 1 dpi(orange
arrow), SEM, Bar= 2μm. b) Skin covering abdomen of vaccinated group with triplehemR showing rounded epidermal cells in contact with attenuated strain (arrow) at 1 dpv,
SEM, Bar= 2μm. c) Skin covering abdomen of vaccinated group with ESC-NDKL1
showing loss of epidermal microridges (arrow) at 1 dpv, SEM, Bar= 2μm.
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Figure 15

Representative SEM images for catfish fry skin surrounding nares from WT
and vaccinated group at 1 dpi and dpv.

a) Few bacteria were attached to nasal opening of WT at 1dpi (arrow), SEM, Bar= 2μm.
b) Few live attenuated strains attached to intact nares (arrow) of vaccinated group with
triple hemR at 1 dpv, SEM, Bar= 10μm. c) Vaccinated group with Aquavac-ESC showing
no live attenuated strain attached to the nares at 1 dpv, SEM, Bar= 100μm. d) Vaccinated
group with EiΔevpB showing the live attenuated strain together with mucus attached to
the intact nares (arrow) at 1 dpv, SEM, Bar= 2μm. e, f) Many ESC-NDKL1strain
attached to intact and swollen, rounded nasal epithelium (arrow) at 1 dpv. Inset
magnification of one bulged, rounded epithelial cell in contact with the strain, SEM, bar=
2μm.
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Figure 16

Representative SEM images of early and late pathological lesions after
exposure to WT and triple hemR at 1, 7 and 21-day post exposure.

a) Multiple epidermal blebbing on the WT skin surface at 1 dpi, SEM, Bar= 10μm. b)
Ulceration of WT skin with exposure of dermal layer at day 7pi, SEM, Bar= 20μm. c, d)
Aggregation of fibrin, necrotic debris and inflammatory cells on ulcerated skin from
immunized group with triple hemR at 21 dpi, SEM, Bar= 2 and 10μm.
After exposure of the vaccinated fish to E. ictaluri WT, the sham-vaccinated
group showed severe epidermal damage represented by ulceration, necrosis and
inflammatory infiltrates admixed with mucus plugs at 6h and 1dpi. Additionally,
numerous bacterial colonies colonized the ulcerated caudal fins, (Fig. 17a) dorsal fins,
and abdominal skin (Fig. 17b).
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In contrast, little or no bacterial colonization was observed on the skin of
vaccinated fish. In the group infected with EiΔhemRΔfrdAΔsdhC, no bacterial
colonization was observed in the skin except one colony was observed on the caudal fins
(Fig. 17c) and one bacterium on the ulcerated skin of the abdomen. However, a few
bacteria admixed with mucus plugs were observed on the nasal openings of the fish
vaccinated with Aquavac-ESC (Fig. 17d). The same findings were observed on the group
vaccinated with EiΔevpB and ESC-NDKL1; higher numbers of bacteria were identified
in EiΔevpB and lesser numbers in ESC-NDKL1. These bacteria were admixed with a
large amount of mucus granules in both groups (Fig. 17 e, f).
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Figure 17

Representative SEM images of sham and vaccinated group at 1 day after
challenge exposure to WT.

a) Sham-vaccinated group showing bacterial colonies on the ulcerated caudal fin (arrow)
at day 1 pi, SEM, Bar= 10μm. b) Sham-vaccinated group showing sloughed epidermal
cells and ulcerated surface with focal aggregation of bacteria and RBCs (arrow), SEM,
Bar= 2μm. c) Bacterial aggregation on the caudal fin of the immunized group with triple
hemR, SEM, Bar=10μm. d) Nares of vaccinated group with Aquavac-ESC showing
mucus plug with few bacteria attached to intact epithelial lining of nares (arrow), SEM,
Bar=2μm. e) Nares of vaccinated group with EiΔevpB showing few bacteria and high
amount of mucus granules on the epithelial lining nares (arrow), SEM, Bar= 2μm. f)
Nares of vaccinated group with ESC-NDKL1 showing fewer bacteria admixed with
mucus granules (orange arrow) and epithelial bulging (black arrow), SEM, Bar= 2μm.
Pathologically, epidermal desquamation with focal inflammatory aggregation was
seen in caudal regions of all vaccinated groups. The degree of inflammation was
moderate in triple-hemR fish, severe in EiΔevpB exposed fish, and focally mild in ESCNDKL1. Immunologically, active epidermal migration toward wound area with extension
of many pseudopodia was also observed in EiΔevpB at 1d pi and Aquavac-ESC at 7dpi.
Many active cells were also observed especially on EiΔevpB, ESC-NDKL1 at an early
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stages of infection (6h, 1dpi). These cells likely represent active lymphocytes, as they
were small with ruffled surfaces (Fig.18 c, e) and keratinocytes with many pseudopodia
toward ulcerated surfaces. On the surface of the keratinocyte, bacteria and necrotic debris
were observed (Fig. 18 d). This cell was seen in contact with small lymphocytic cells.
Additionally, many active lymphocytes were observed on the body surface of the
vaccinated group with triple hemR. By 21d (Fig.18 a, b), the skin had returned to normal
except for some blebbing around the eye a fish immunized with triple hemR, cranial
regions for Aquavac-ESC, and few focal areas of erosion on the body surface and anal
fins of fish vaccinated with EiΔevpB and ESC-NDKL1.

55

Figure 18

Representative SEM images of immune cell scavengers on the skin surface
at 1 and 21 dpi after challenge with WT E. ictaluri.

a, b) Immunized group with triple hemR showing multifocal lymphocyte cells like on the
surface of the skin at 21 dpi, SEM, Bar= 10 and 5μm. c) Lymphocyte cell like on the
surface of vaccinated fish with EiΔevpB at 1 dpi, SEM, Bar= 10μm. d) Sloughed,
degenerated epithelial cells extended many dendrites toward the foreign materials and on
the epithelial surface at 1 dpi, SEM, Bar= 10 μm. e) Lymphocyte cell like on the surface
of the vaccinated fish with ESC-NDKL1 at 1 dpi, SEM, Bar= 10 μm.
Discussion
Immersion vaccination is routinely used against many bacterial diseases including
ESC in aquaculture. The immersion vaccination induces a protective immune response as
it mimics natural infection. The E. ictaluri route of entry was thoroughly studied
previously; however, the mechanism of E. ictaluri LAVs antigen uptakes and
internalization was still unknown. To get a better understanding of antigen uptake,
transport and the subsequent pathological and immunological mucosal response, catfish
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fry was used to sequentially follow the antigen uptake after immersion vaccination with
different type of E. ictaluri LAVs. To do this, IHC and TEM were used for studying
uptake in skin, GIT, nasal pit and gills. We also focused on the skin as a model to fully
understand the response of the mucosal surface after immersion vaccination using SEM
studies.
Following immersion vaccination, the antigen was attached to the sensory hairs of
olfactory organs especially in the vaccinated group with EiΔevpB and ESC-NDKL1, and
the numbers increased on day 1. The antigen crossed the epithelium and was observed in
the lamina propria at day 2 pv. Although nasal pit was previously recorded as a route of
entry for the E. ictaluri pathogen (Miyazaki and Plumb 1985, Shotts, Blazer et al. 1986),
we could not detect the early attachment of WT and triple-hemR mutant to nares (no
internalization from outside in). However, we observed infiltration of the lamina propria
with many phagocytic cells packed with the pathogen and some bacteria were seen
extracellularly at day 2 and 3 post exposure. This indicates that bacteria either attached to
the nares with rapid uptake to the lamina propria at the early stage, or the nares are not a
primary route of entry to WT and triple hemR. The presence of bacteria in the lamina
propria at 3 days post-exposure was related to the septicemic stage of the disease that
disseminates the pathogen in the body.
The limited presence of WT and live attenuated strains antigen in the gills were
determined using IHC and TEM. However, few live bacteria were observed at the early
stage under the skin covering the operculum. The same finding was recorded in previous
research on the uptake of inactivated and live Yersinia ruckeri on rainbow trout, and the
author attributes this to the fast elimination of antigen in the gills due to effective
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activation of mucosal immunity in gill tissue (Khimmakthong, Deshmukh et al. 2013).
However, in this paper, we think that gills do not play a role of bacteria uptake as we
recorded many live bacteria were in the secondary lamellae in blood vessels at 3dpi in
WT. This indicates that bacteria may reach the gills during septicemic phase of infection.
The data for WT and triple-hemR infection indicate that the gastrointestinal tract
(GIT) is the main route of entry. Bacteria were trapped in the mucus at 6h and 1d and
began to invade through the mucosa at 2dpi which is supported by IHC, TEM, and SEM
data. In contrast, the group vaccinated with EiΔevpB, ESC-NDKL1 and Aquavac-ESC
had little to no evidence for GIT uptake or penetration, although bacteria were colonized
in buccal regions using IHC and SEM. A few bacteria were recorded on esophageal
epithelium for EiΔevpB and in the intestinal lumen for ESC-NDKL 1 using IHC. This
agrees with previous studies including Aeromonas salmonicida in rainbow trout, E.
ictaluri in catfish, in addition to uptake of bovine serum albumin fluorescent latex
microspheres in rainbow trout (Tatner, Johnson et al. 1984, Miyazaki and Plumb 1985,
Shotts, Blazer et al. 1986, Inglis, Roberts et al. 1993, Robohm and Koch 1995, Moore,
Ototake et al. 1998).
To the best of our knowledge, the present study was the first study to explain in
detail the role and the mucosal response of skin following immersion exposure to WT
and LAVs against E. ictaluri. We focused on the skin as it is considered the first barrier
of defense against invading microorganisms. The IHC and SEM results illustrate that skin
was the main route of antigen and bacterial uptake through intact, eroded or ulcerated
skin. The LAVs antigens and the pathogens were identified on the fins, especially caudal
and dorsal fin, buccal regions and lateral line. The occurrence of bacteria with many
58

immune cells in contact in the lateral line canal system suggests that it could act as a
portal uptake for E. ictaluri crossing the vascular system and migrating to spleen and
kidney for processing, presentation and clearance. This indicates that lateral line could be
a possible link between mucosal and systemic immune compartments (Amend and
Fender 1976, Khimmakthong, Deshmukh et al. 2013). The primary colonization of
antigen and bacteria on fins aligns with the SEM images of Flavobacterium species
which uses hard tissue, especially fins, more than the adjacent epidermis as a preferred
substrate to the bacterial colonization and invasion. This is attributed to loss of the thick
mucus layers that covered the fins and prevented the bacteria access to the fin axis
especially after exposure to stress as during management methods (Anderson and Conroy
1969, Martínez, Casado et al. 2004). Few bacterial cells detected in the fins by IHC may
be due to individual variation.
Unlike mammals, the fish skin is considered as mucosa. It consists of stratified
squamous non-keratinized living and proliferating cells with many pores on the mucus
secretory cells (Xu, Parra et al. 2013). Using SEM, the pathogen and LAVs were
observed to invade through this pore. Additionally, we recorded the epidermal cells
folded the LAV strain on its surface and this indicates that epidermal cells play a key role
in antigen uptake. This action was recorded in different parts of the skin such as body
surface, nares, fins and buccal regions and due to this action, many cells rounded up
disintegrated and sloughed away. The bacteria and the antigen used this action to get
access through this detached surface. The same mechanism was recorded previously from
(Åsbakk 2001) who detected that epidermal cells have phagocytic and scavenger
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functions. Asbakk recorded that Malpighian cells, during the engulfing of bacteria,
rounded and disintegrated.
Lymphocyte cell like were recorded at the early stages of infection using SEM
and IHC suggesting that these cells actively uptake the bacteria and spread on the skin to
help in the rapid clearance of bacteria after 1dpi (Cruz and Pitogo 1989).
After challenging of vaccinated group and sham group with WT, substantial
bacterial colonization was observed in sham-infected group in caudal, dorsal fins,
abdomen, and body surface. However, a reduction in bacterial colonization with increase
in mucus secretion was detected on vaccinated fish with few bacteria surrounded by
immune cells. This finding supports vaccine-induced protection and stimulated mucus
secretion, in addition to stimulation of the immune cells to migrate and attack the
pathogen attached to epidermal cells. Presence of the mucus plugs on the skin surface
reflects the antimicrobial and anti-colonization role of mucus (Lebedeva and Saksena
1999). The abundant colonization in WT infected fish reflects the ability of the bacteria
to destroy the antimicrobial products present in the mucus and the ability to colonize skin
through attachment mechanisms (Ellis 1980, Alexander 1985, Yano 1997). Additionally,
many bacterial adhesins contain carbohydrate-recognition domain (such as lectin) that
bind to oligosaccharides present in mucus glycoproteins or glycolipids (Beachey 1981).
Active cells were found on the surface of vaccinated skin. These cells include B
cells and keratinocytes. These cells were in contact with antigen and bacteria.
Keratinocytes with many dendrites were observed on the surface of the skin in contact
with necrotic debris, bacteria and small lymphocytic cells. The migratory activity of
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keratinocytes and the ability to rapidly heal wounds were recorded previously (Åsbakk
2001, Böckelmann, Ochandio et al. 2010, Vieira, Gregório et al. 2011).
The main pathologic lesions recorded either in vaccinated or infected groups were
blebbing, erosion, ulceration, and inflammation. The lesions were observed in variable
degrees of severity in infected and vaccinated fish. This agrees with previous scanning
electron microscopy investigation evaluating the effect of bacteria on skin. Previous
researchers characterized the bacterial lesions produced by Aeromonas sp on Cyprinus
carpio skin (Gostin, Neagu et al. 2010). Other researchers characterized the scanning
electron microscopy changes in fins of Atlantic salmon following experimental infection
with Flavobacterium psychrophilum and found epidermal sloughing admixed with a
multitude of rod-shaped bacterial cells (Martínez, Casado et al. 2004, Bullard, McElwain
et al. 2011). All together, these findings indicate that LAVs compared to WT reduce the
bacterial colonization after challenge with WT and stimulate the mucosal immune
response to actively uptake and guard the mucosal surface.
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CHAPTER III
PATHOLOGICAL AND ULTRASTRUCTURAL CHARACTERIZATION OF
CATFISH FOLLOWING EXPOSURE TO EIΔHEMRΔFRDAΔSDHC
Abstract
Enteric septicemia of catfish (ESC) caused by E. ictaluri is a detrimental disease
of farmed channel catfish in the United States. Recently, we constructed a mutant
(EiΔhemRΔfrdAΔsdhC) or triple hemR against ESC. This mutant had approximately 38%
safety and 98% efficacy in fry. Our goal in this work was to understand pathological and
ultrastructural changes in catfish fry challenged with triple hemR compared to wild E.
ictaluri. To achieve this goal, two-week-old fry were immersion challenged with BHI, E.
ictaluri WT and EiΔhemRΔfrdAΔsdhC mutant. After twenty-eight days, the immunized
and sham-vaccinated fry were challenged with E. ictaluri WT. During the twenty-eightday immunization/challenge phase, the lesions caused by the mutant were similar but less
severe at a few time points than that of the WT. Widely disseminated bacteria and severe
necrosis in most organs, especially in the kidney and spleen were detected in the first
seven days. Complete bacterial clearance of visceral organs was observed in vaccinated
fish in the following days. Multifocal granulomatous encephalitis with clumps of bacteria
was seen in the brain tissues of catfish fry challenged with the E. ictaluri WT and mutant
at various time points. Phagocytic cells in the kidney and spleen contained more
replicating WT bacteria. During the 21 days following WT challenge, better induction of
62

immune responses was observed in the immunized fry. Hyperplastic immune organs with
a few bacteria as well as mild to moderate lesions in the skin, liver, and heart were
observed in immunized fish. High numbers of phagocytic cells were detected in the
kidney and spleen without any bacteria in the immunized fry. Our data suggested that the
EiΔhemRΔfrdAΔsdhC strain induces severe pathological changes as WT following
immersion exposure. However, this mutant could stimulate the immune response better
with milder lesions compared to WT following re-exposure to WT.
Introduction
Channel catfish is one of the most important cultured fish species in the United
States. A large portion of channel catfish production originates from Mississippi,
Arkansas, Louisiana, and Alabama (Tucker and Hargreaves 2004). E. ictaluri is the
causative agent of enteric septicemia of channel catfish (ESC), which is a major diseasecausing extensive mortalities and high economic losses to the U.S. catfish industry
(Williams, Gillaspy et al. 2012). The disease was first described from moribund channel
catfish in Georgia and Alabama in 1976, with the identification and characterization of
the etiologic agent, E. ictaluri in 1979 (Hawke 1979, Hawke, Mcwhorter et al. 1981).
Although channel catfish are the most susceptible species to infection (Miyazaki and
Plumb 1985, Newton, Wolfe et al. 1989), other ictalurid and non-ictalurid fish can also be
infected by E. ictaluri (Waltman, Shotts et al. 1985).
ESC has two forms: acute septicemia with rapid progressive mortality as early as
4 days after infection, and a chronic meningoencephalitis form with a very characteristic
“hole-in-the-head” lesion (Shotts, Blazer et al. 1986). Given its economic importance,
many efforts have been carried out to control this disease. The initial efforts were based
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on feeding the infected fish with antimicrobial medicated food. However, this practice is
expensive and usually ineffective because sick fish normally remain off feed.
Furthermore, the bacterial pathogen developed resistance to antibiotics (Arias,
Shoemaker et al. 2003, Dung, Haesebrouck et al. 2008). Due to these limitations,
considerable efforts have been made to develop effective ESC vaccines (Thune, Collins
et al. 1997, Shoemaker, Klesius et al. 2009, Abdelhamed, Lu et al. 2013). Recently, a
modified live E. ictaluri vaccine (RE-33) has been registered as Aquavac-ESC for use in
aquaculture. RE-33 was produced by serial passage in increasing concentrations of the
antibiotic rifampicin (Klesius and Shoemaker 1999).
Despite the availability of Aquavac-ESC, ESC is still one of the most prevalent
disease threats to the catfish industry. Therefore, there is an urgent need for an effective
ESC vaccine that can be delivered to catfish fry before their release into production
ponds. Previously, our lab constructed a triple E. ictaluri mutant (EiΔhemRΔfrdAΔsdhC)
using in-frame deletions of one gene from the heme receptor family protein (HemR) and
two genes from the tricarboxylic acid cycle (frdA, sdhC). This strain showed significant
protection in fry with 62.4 % mortality as compared to WT (Abdelhamed, Ibrahim et al.
2018). The objectives of this study were to understand the protective mechanisms of this
mutant against ESC by evaluating the infectivity of this mutant and the host immune
response. To achieve this, characterization of the pathology by immunohistochemistry
and ultrastructural examination were performed. This study will improve our
understanding of the pathogenesis of E. ictaluri, the infectivity of the mutant, and
establish more effective methods for accessing the safety and efficacy of this mutant.
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Materials and methods
Catfish ethics
For fish experiments, channel catfish fry reared in the specific-pathogen-free
hatchery located at the College of Veterinary Medicine, Mississippi State University,
were stocked into water flow-through tanks supplied with dechlorinated municipal water.
Water temperature was maintained within a 25–26 ͦ C range throughout the experiments.
The experiment was conducted under the Institutional Animal Care and Use Committee
(IACUC) at Mississippi State University.
Challenge method
One thousand and two hundred channel catfish fry (two weeks old) were divided
into three groups. The first group was immersion challenged with the
EiΔhemRΔfrdAΔsdhC (triple hemR), the second group was immersion challenged with
wild type E. ictaluri (WT) 93-146, and the third group was exposed to BHI (negative
control). Fry were acclimatized to the tanks two days before immersion challenge. For
immersion challenges, water in each tank was lowered to 10 L, and 100 mL of overnight
cultures were added to their respective tanks as previously described (Dahal, Abdelhamed
et al. 2013). After one-hour, water flow was restored again to each tank. Twenty-eight
days post exposure, the groups of immunized fry with triple hemR and sham were
challenged with E. ictaluri WT in a similar manner to the first challenge, then observed
for 21 days. Three fish samples were collected at 6h, as well as on day 1, 2, 3, 4, 5, 6, 7,
14, and 21post exposure. At the time points mentioned, five fish were used (three fish for
histopathological analysis and two fish for ultrastructural examination).
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Histopathological analysis
Three whole catfish fry were euthanatized by tricaine methanesulfonate overdose
(250 mg/l) and fixed in 10% neutral buffered formalin. whole fry were placed in tissue
cassettes, processed in a tissue processor (Tissue–Tek VIP), and embedded in paraffin wax
(Tissue Tek embedding system). Embedded samples were sectioned by a microtome (Lecia
RM 2255) at 5 µm. The sections were stained using hematoxylin and eosin (Lecia ST
5020). The stained slides were examined under a light microscope (BX43 microscope) and
analyzed using CellSens standard software program. The lesions severity was given a score
of 0-3 based on necrosis and inflammatory response where 0 = no lesion, 1 = mild lesions
(necrosis of 25% of the total area of the tissue), 2 = moderate lesions (necrosis of 50%),
and 3 = severe lesions (necrosis of above 75% of total examined area). Tissues examined
and scored included pronephros, mesonephros, intestine, liver, spleen, nasal pit, brain, eye,
skin, and gills. Inflammatory infiltrates within, and surrounding bacteria and necrotic areas
were also examined and graded (also 0-3) by intensity and distribution, as follows: score
of 3 being when inflammatory aggregates were seen in all fields and the infiltrates were
abundant; score of 2 when inflammatory infiltrates were diffusely distributed in less than
50% of the field and infiltrates were moderate; score of 1 when the presence of
inflammatory infiltrates were seen in 25% of the field the infiltrates were mild; and score
of 0 when no inflammation was seen.
Immunohistochemistry (IHC)
IHC was performed on the fry immunized with triple hemR and on the infected
fry with E. ictaluri WT at different time points post-challenge. Five µm section of
paraffin embedded tissue block were deparaffinized in an oven (70–75°C) for 20 min
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and were rehydrated in xylene and graded series of ethanol (100% and 70%) for 2 min
in each. Antigens were retrieved by incubating slides in Dako Target Retrieval Solution,
pH 9 (10x) (Dako, Denmark) in a pressure food steamer (Oster, China) for 30 min then
allowed to cool at room temperature for 10 min. Endogenous peroxidase activity was
inactivated through incubation with hydrogen peroxide for 30 min. To block nonspecific antibody binding, the slides were incubated in serum-free Dako Protein Block
for 1h then rinsed with phosphate buffered saline (PBS). Slides were incubated for 1 h
in a 1:500 dilution of mouse anti Ed9 (anti-E.ictaluri) monoclonal antibody (Ainsworth,
Capley et al. 1986) in a humid chamber, then rinsed in PBS before being incubated for
another hour in secondary antibody (Stock DAKO Envision+ Dual link system)
horseradish peroxidase (HRP) (Dako North America, Inc, Carpinteria, USA). After the
secondary antibody exposure, the slides were rinsed with PBS followed by a 10-m
incubation in DAKO liquid DAB-HRP+ substrate chromogen system in a dark, humid
chamber at room temperature followed by a rinse with tap water. Finally, the slides were
counterstained with hematoxylin for 5 min (Lecia Biosystem Richmond, Inc. USA),
rinsed in distilled water, then washed in acid ammonia water, dehydrated in ascending
alcohol series, then cleared by xylol, and mounted with coverslips. Slides were analyzed
and photographed using an OLYMPUS BX43 microscope and CellSens standard
software. Slides incubated with PBS instead of primary antibody were used as negative
control.
Ultrastructural analysis
Spleen and kidney samples were dissected from the two-fry allocated for
ultrastructure and were fixed in 0.5 Karnovesky’s fixative in 0.1M Na cacodylate buffer,
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pH 7.2 for a minimum of 24 hours. Samples were then rinsed, postfixed in 2% Osmium
tetroxide, dehydrated through a graded ethanol series, and embedded in Spurr’s resin
using acetone as a transition fluid. Embedded samples were cut using a Reichert Jung
Ultracut E ultramicrotome. To identify specific areas for TEM observation, initial thick
sections (0.5μm) were cut, stained with toluidine blue, and examined with a light
microscope. Ultrathin sections (80 nm) of selected areas were collected on 75 mesh
copper grids, stained with uranyl acetate and lead citrate, and then examined with a JEOL
JEM 1230 transmission electron microscope. Images were recorded with an AMT
camera.
Statistical analysis
Initial models included tissue type and day as fixed effects with fish within a day
as a random effect. Consequently, the mean pathology scores for all the tissues per fish per
day were calculated and used as the outcome variable with day as the only fixed effect.
Separate models were used for the “Immunization” and “Challenge” periods for the triple
hemR mutants. When there was a significant day effect, Dunnett’s adjustment for multiple
comparisons was used.
In a separate analysis, the effect of mutant, day, and the mutant-day interaction on
mean pathology score was assessed using PROC MIXED, SAS for Windows 9.4 (SAS
Institute, Inc., Cary, NC, USA). Separate models were used for the “Immunization” and
“Challenge” periods. For significant interaction terms, differences in least squares means
between mutants were calculated for each day using an LSMESTIMATE statement with
a SIMULATE adjustment for multiple comparisons. The result was considered
significant if p-value < 0.05.
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Results
Histopathology of EiΔhemRΔfrdAΔsdhC in channel catfish tissue
To characterize the infectivity of the triple hemR mutant, histopathological
examination was done to show the distribution, duration, and severity of lesions for all
organs from fish per day. To measure the severity of the mutant compared to WT during
the experiment, a pathological scoring for necrotic and inflammatory effect was used for
each organ of the three-catfish for each time point. Then the mean scoring for all organs
per time point was calculated. The results showed that there was no significant difference
between triple-hemR and WT during the 28-day immunization periods except at days 3
and 14 post-exposure (p-value = 0.0345 at 3day post exposure and 0.0086 at 14-day post
exposure (Fig. 19). However, there were significant differences between both groups
over 21 day challenge period in which p-value = 0.0366 at 4-day, 0.05 at 5-day, 0.0023 at
6-day, <.0001 at 7-day and <.0001 at 14-day (Fig. 20).
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Figure 19

Channel catfish fry, immersion challenge with E. ictaluri and triple hemR
for 28 days, the fish in WT group dead by 14 dpi.

Cumulative average of necrosis and inflammatory grade lesions of combined organs
including pronephros, mesonephros, spleen, stomach, intestine, nasal pit, skin, thymus,
and ear collected from channel catfish challenged by immersion with E. ictaluri wildtype strain and vaccine strain. The letter represents the significant difference between
immunized and infected group with P value < 0.05
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Figure 20

Channel catfish fry, immersion challenged with triple hemR and BHI (sham
vaccinated) for 21 days after re-exposure to E. ictaluri WT.

Cumulative average lesion score of combined organs’ lesions, necrosis and inflammation
degree on pronephros, mesonephros, spleen, stomach, intestine, nasal pit, skin, thymus,
and ear. The letters represent the significant difference between immunized and infected
groups, P value <0.05.
At 6 h, 1 d and 2-day post exposure, no pathological lesions were detected in catfish
fry challenged with triple hemR and WT. All the organs have the normal histological
architecture as the BHI negative control except mild to moderate epidermal sloughing
with lymphocytic infiltration was noted in the immunized and WT group (Fig. 21).
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Figure 21

Photomicrograph of immunized and infected catfish fry skin against E.
ictaluri at 6 hpi.

A. Infected skin with WT E. ictaluri showing focally, extensive and severe sloughed
epidermal cells (thin arrow) and moderate lymphocytic infiltration (thick arrow), 200x
H&E. B. Skin of immunized group with individual cell necrosis (arrow) and edema (E)
widely separated the epidermal layers from the muscle, 400x, H&E
At 3 dpi significant differences were detected between catfish fry immersion exposed
to triple hemR and WT. The WT group showed severe lesions in most organs, especially
the kidney and spleen. In the kidneys diffuse severe necrosis of the hematopoietic tissue
was characterized by karyorrhectic and eosinophilic amorphous material, as well as renal
tubule epithelial swelling, pyknosis, and karyorrhectic debris; the glomeruli were
relatively unaffected (score 3) (Fig. 22 A, C). Severe, diffuse necrosis of the white pulp
with pyknosis and karyorrhectic debris of the reticulocyte and macrophage of the splenic
ellipsoids were observed in spleen (score 3). Intestines had diffuse enteritis with complete
sloughing of the mucosa, which accumulated in the lumen, as well as marked infiltration
of the lamina propria by macrophages and lymphocytes (score 3). The immunized catfish
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had no detectable lesions at this time point except in mesonephros which had mild
coagulative necrosis in tubular epithelial cells (score 1) (Fig. 22 B, D).

Figure 22

Photomicrograph of mesonephroi and pronephroi of WT and immunized
group with hemR at 3 dpi.

A. Pronephroi of WT had diffuse necrosis of hematopoietic cells (thick arrow) beside
renal tubular cytoplasmic swelling and loss of nuclear details (arrow) grade 3, 400x,
H&E. B. Pronephroi of immunized catfish without any detectable lesions, 400x, H&E. C.
Mesonephroi of WT had diffuse hematopoietic necrosis and bacterial colonies (thick
arrow) with tubular necrosis (arrow) grade 3, H&E, 400x. D. Mesonephroi of immunized
group showed multifocal necrosis and individualization of renal tubular epithelial cells
(arrow) beside renal cast inside one tubule with individual hematopoietic cell necrosis,
H&E, 400x.
From day 4 until day 6 post-infection, there was no significant difference between the
immunized group and WT. Both groups had diffuse necrosis and inflammation in more
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than 95% of the tissue examined. In addition to kidney, spleen, intestine, and skin, lesions
were also seen in the liver, gills, and nasal pit. In the nasal pit, extensive thickening of
olfactory lamellae was observed with proliferative fingerlike epithelial cell projections in
the interlamellar space, along with necrotizing inflammation that obliterated the olfactory
rosettes. In the liver multiple foci of necrotic hepatocytes were in both groups, and focal
bacterial colonies were in the cytoplasm of hepatocytes.
Toward day 7, the fish infected with WT still had diffuse necrosis with complete
replacement of tissue by eosinophilic and karyolytic debris admixed with numerous
bacterial colonies (Fig. 23 A, C and E). However, the lesions of immunized fish tended
to be less necrotic and more hyperplastic in the pronephroi and mesonephroi (Fig. 23 B,
D, and F).
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Figure 23

Photomicrograph of pronephroi, mesonephroi and spleen of WT and
immunized group with hemR at 7 dpi

A. WT catfish fry pronephros with diffuse necrosis (thick arrow) and mild hyperplasia in
hematopoietic tissue (arrow), 400x, H&E. B. Immunized catfish pronephros showing
diffuse hyperplasia in hematopoietic organs (thick arrow) and individual cell necrosis
(arrow) of interspersed renal tubules, 400x H&E. C. WT mesonephros with severe
hematopoietic (yellow arrow) and renal tubular necrosis (thick arrow); bacterial clusters
inside tubular lumen (thin arrow), 200x, H&E. D. Immunized fish mesonephros showing
severe hyperplasia (thick arrow) and scattered widely separated necrotic renal tubules
with sloughed epithelial cells admixed with bacteria inside tubular lumen (arrows), 200x,
H&E. E. WT catfish Diffuse ellipsoidal necrosis (thick arrow) with numerous bacterial
colonies within and around necrotic tissue (arrow), 400x H&E. F. Immunized catfish
with multifocal area of necrosis with widely scattered bacteria (arrow), 400x, H&E.
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At 14 dpi, varied lesions were noted between the catfish examined in the WT group.
One fish had pronephritis with macrophage aggregates, mesonephritis with inflammatory
cells surrounding swollen renal tubules with cell loss (Fig. 24 A), as well as splenitis
characterized by macrophages and lymphocytes rimming the ellipsoidal arterioles (score
3) (Fig. 24 C). Another fish from this group had diffuse splenic necrosis. The third fish
had normal tissues. In the three fish examined at this time point, multifocal areas of
granulomatous encephalitis included mesencephalic ventricles markedly expanded by
multilayered aggregates of mononuclear cells were observed. These cells were
predominantly vacuolated macrophages associated with many intracellular and
extracellular rod-shaped bacteria admixed with numerous lymphocytes and pyknotic and
karyorrhectic debris (score 3) (Fig. 24 E).
In contrast to the WT group, the immunized fish had hyperplastic changes in the
kidney hematopoietic tissue. Moderate splenitis was seen, consisting of macrophages
admixed with few lymphocytes surrounding congested ellipsoidal arterioles (score 2)
(Fig. 24 B, D). No brain lesions were present in the immunized group at 14 days post
exposure. However, brain lesions were observed in immunized catfish at 21 and 28 dpi
with granulomatous inflammation in the medulla oblongata (score 3) (Fig. 24 F).
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Figure 24

Photomicrograph of mesonephros, spleen, and brain of infected and
immunized catfish fry at 14 dpi.

A. WT mesonephros with epithelial swelling, nuclear pyknosis (arrow) and few
inflammatory cells (thick arrow), 200x, H&E. B. Immunized catfish mesonephros with
large myeloid cell hyperplasia (arrow), 200x, H&E. C. WT spleen with focal splenitis
replaced ellipsoidal region by mononuclear cells, especially macrophages (arrow), 400x
H&E. D. Immunized catfish spleen with aggregates of macrophages around dilated
ellipsoidal arterioles (arrow), 400x, H&E. E. WT brain with focal granulomatous
ventriculitis (arrow) at 14 dpi, 100x, H&E. Inset. Multilayered aggregates of vacuolated
macrophages with bacteria admixed with numerous lymphocytes and necrotic cellular
debris, 400x, H&E. F. Immunized catfish brain with focal granulomatous encephalitis at
28 days post exposure, 100x. H&E.
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During challenge, the lesions were significantly different between the immunized
catfish and sham-vaccinated group after re-exposure to E. ictaluri. The sham group
showed more necrotic and inflammatory lesions represented by granulomatous
pronephritis with six to seven layers of macrophages admixed with a few lymphocytes
around the rim of the focal necrotic area and displacement of the renal tubules
peripherally (Fig. 25 A). There was also severe necrosis of interstitial tissue and renal
tubular pyknosis and bacterial clusters in the tubular lumina of the mesonephros (Fig. 25
C). In the spleen, multifocal peri-ellipsoidal necrosis was evident (Fig. 25 E). Mild to
severe inflammation was also in the liver, nasal pit, heart and skin of both groups.
Toward day 14, both groups had hyperplastic myeloid tissue in the pronephros and
mesonephros. In contrast, no detectable lesions were seen in the immunized catfish group
at 1-4 dpi. At 5 dpi, there was a significant difference between lesions in the sham group
challenged with E. ictaluri and immunized group. The immunized group showed
hyperplastic lesions rather than necrotic lesions in the kidney (Fig. 25 B) and
granulomatous inflammation in the mesonephros (Fig. 25 D). The spleen had normal
architecture (Fig. 25 F).
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Figure 25

Photomicrograph of sham group and immunized catfish fry pronephros,
mesonephros, and spleen at 5 days after re-exposure to WT E. ictaluri.

A. Sham-vaccinated catfish showing granulomatous inflammation represented by focal
necrotic area (arrow) surrounded by intense inflammatory aggregates of numerous
macrophages with few lymphocytes (thick arrow), 200x, H&E. B. Immunized catfish
with diffuse, severe myeloid hyperplasia (thin arrow) admixed with few inflammatory
cells (thick arrow), 200x, H&E. C. Sham-vaccinated catfish mesonephros with widely
disseminated necrosis (thick arrow) and bacterial clusters (thin arrow) in the tubular
lumen, 400x, H&E. D. Immunized catfish with a focal area of granulomatous
mesonephritis (thick arrow) surrounding a necrotic renal tubule (thin arrow), 200x, H&E.
E. Sham-vaccinated catfish spleen with severe necrosis (arrow), H&E, 200x. F.
Immunized catfish spleen had normal architecture of splenic tissue without any obvious
lesions, 200x, H&E.
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Detection of E. ictaluri and EiΔhemRΔfrdAΔsdhC in catfish organs by IHC
To investigate the location and distribution in the tissues of both triple-hemR
(EiΔhemRΔfrdAΔsdhC) and WT bacteria at different time points, IHC was used. During
immunization, the bacteria were seen in few numbers on the skin and in the intestine of
catfish challenged with triple hemR and WT at 6 hpi. The number of bacteria increased
at 1dpi.
At 2 dpi, there were no detectable bacteria in the nares but there were moderate
numbers in the intestinal lumens of the immunized group. In contrast, WT bacteria were
seen free or intracellularly in the phagocytic cells of the lamina propria of the nasal pit
and high numbers were in the intestinal lumen attached to the mucus and mucosal layer.
Toward day 3 post-infection, the WT group had large numbers of positive
immunostaining bacteria that completely replaced pronephros and mesonephros (Fig. 26
A, C). These bacteria were also localized in the lamellar vasculature of secondary
lamellae (Fig. 26 E), the lamina propria and epithelium of the nasal pit, and the
enterocytes, lamina propria and muscular layer of the intestine. On the other hand, a few
triple hemR bacteria were observed around blood vessels in the hematopoietic tissue of
pronephros and mesonephros (Fig. 26 B, D) and vasculature of gill filaments (Fig. 26 F).
From 4 to 6 dpi many bacteria were seen either free or in phagocytic cells in all
organs including pronephros, mesonephros, spleen, liver, intestine, skin, and brain.
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Figure 26

Immunohistochemistry images of WT and EiΔhemRΔfrdAΔsdhC strain
distribution in catfish fry pronephros, mesonephros, and gills using mouse
monoclonal anti-E. ictaluri (Ed9) at 3-day post immunization and infection.

A. WT pronephros with diffuse, intense positive brown immunolabeling bacteria, 400x,
IHC. B. Pronephros of immunized fish with few detectable positive brown
immunolabelling mutant antigens, 400x, IHC. C. WT mesonephros with a high number
of positive brown immunolabelling cells in renal tubules and renal interstitium, 400x,
IHC. D. Mesonephros of immunized fish with mild to few scattered positive brown
immunolabelling mutant antigens, 400x, IHC. E. WT gills with high numbers of bacteria
inside gill vasculature, 400x, IHC.F. Gills of immunized fish with few positive brown
antigens in secondary lamellae, 400x, IHC.
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Seven days after infection, there was a significant difference in bacterial load between the
WT and immunized groups. For the WT group bacteria were detected in high numbers in
pronephros and mesonephros (Fig. 27 A), and in the spleen. In the liver, bacteria
occurred in sinusoids and in hepatocytes as focal aggregates. Bacteria were also detected
free or in phagocytic cells in the intestinal lamina propria and muscularis layers (Fig. 27
C), as well as in the vasculature and lamina propria of gills (Fig. 27 E). In the immunized
catfish, the mutant strain was detected in very low numbers in the pronephros (Fig. 27 B),
mesonephros, spleen, liver, intestine (predominantly in intestinal lumen) (Fig. 27 D), and
gills (Fig. 27 F).
At 14 days after the initiation of infection, varied numbers of bacteria were detected
in the catfish examined from the WT group. One of the catfish from the WT group had
high numbers of bacteria in pronephros, mesonephros, gills, and brain, especially in the
ventricular area. Another one showed complete clearance of bacteria in most organs
except for the mesonephros. Finally, the third fish in the WT group had no bacteria
present. In contrast, no detectable positive antigens were seen in the internal organs or
external organs of immunized catfish. At 21 and 28 days in the immunized group, the
mutant strain was localized in granulomatous encephalitis either in phagocytic cells or
extracellularly.
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Figure 27

Immunohistochemistry images of WT and EiΔhemRΔfrdAΔsdhC strain
distribution in catfish fry pronephros, intestine, and gills using mouse
monoclonal anti-E. ictaluri (Ed9) at 7 days post immunization and infection.

A. WT pronephros with diffuse, marked numbers of positive immunolabeling bacteria
completely replacing renal parenchyma and either present extracellularly or in phagocytic
cells, 400x, IHC. B. Pronephros of immunized fish with few antigens randomly
distributed in hematopoietic tissue, 400x, IHC. C. WT intestine with moderate numbers
of positive cells in lamina propria and muscularis layers of intestine, 400x, IHC. D.
Intestine of immunized fish with focal colony of few positive mutant strain in intestinal
lumen of intestine, 400x, IHC. E. WT gills with high numbers of bacteria concentrated in
vasculature of secondary lamellae, 400x, IHC.F. Gills of immunized fish with few
numbers of mutant strain in secondary lamellae, 600x, IHC.
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During the challenge stage, the sham group and immunized group challenged with E.
ictaluri showed few bacteria in the early stages of infection, especially on the skin
surface, attached to the cilia of olfactory epithelium, and in the intestinal lumen. In the
sham-vaccinated group, fragmented bacteria were observed in spleen and kidney at 2
days post exposure. Bacteria were seen in few numbers in the phagocytic cells of the
internal organs such as spleen, kidney, and intestine. No positive immunostained bacteria
were observed in the immunized fish at 3 days post-infection.
From day 4 to 6 pi, a large number of bacteria were detected in pronephros,
mesonephros (Fig. 28 A), spleen, intestine, gills, and liver of fish in the WT group.
However, there were no positive immunostained bacteria in immunized group at this
time, except for a few bacteria located in the renal tubules and hematopoietic tissue of the
mesonephros (Fig. 28 B).
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Figure 28

Immunohistochemistry images of sham group challenged with E. ictaluri
and immunized group with EiΔhemRΔfrdAΔsdhC in catfish fry using mouse
monoclonal anti-E. ictaluri (Ed9) at 5-day post-challenge period.

A. Mesonephros of infected sham group with moderate numbers of positive bacteria in
phagocytic cells and amongst hematopoietic tissue, H&E, 400x. B. Mesonephros of
immunized fish with few bacteria in tubular lumina and hemopoietic tissue, H&E, 400x.
At day 7 post-infection, moderate bacterial numbers were detected in glomerulus,
renal tubules, and hematopoietic tissue of pronephros, as well as the dermal layer of skin
and the gills of fish in the sham-vaccinated group. However, no bacterial cells were in the
immunized group. At 14 and 21 days after infection, no intact bacteria were detected in
most internal organs for both groups except in the intestinal lumen of the sham
vaccinated group.
Ultrastructural changes of EiΔhemRΔfrdAΔsdhC in catfish
Pronephros, mesonephros kidney, and spleen of two fish per each sample time were
examined by transmission electron microscopy (TEM) following immunization and
challenge with WT to confirm the histopathological lesions and study the mechanism for
lesion development and the host immune response (host-pathogen interaction).
85

During immunization, no morphological changes were detected at 6 hours after
infection. At 2 days post infection, significant changes in cell morphology of pronephros,
mesonephros, and spleen were detected in WT. Necrosis of the renal tubules was
observed. Renal tubular cells showed deterioration of cytoplasmic organelles and
chromatin condensation, or loss of nuclei. Many bacteria were engulfed in vacuoles
within the renal epithelial cells and inside the tubular lumen (Fig 29 A, B). High numbers
of bacteria were detected either extracellularly amongst necrotic hematopoietic tissue
(Fig. 29 C) or in a well-defined, membrane-bound phagosome in phagocytic cells of
pronephros, mesonephros, and spleen of fish in the WT group (Fig. 29 D). Most
phagocytic cells in the hematopoietic tissue were filled with bacteria. Some phagocytic
cells had ruptured plasma membranes, loss of all cytoplasmic organelles, and karyolysis,
while other phagocytic cells were infected but were able to kill the bacteria (Fig. 29 E).
Additionally, bacteria were seen inside the blood vessels of the pronephros and
mesonephros in the WT group at this time point. Meanwhile, mesonephros of the
immunized group showed normal arrangement of renal tubular epithelium with electron
dense fat globules inside the cytoplasm of tubular epithelial cells (Fig. 29 F).
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Figure 29

TEM micrographs of mesonephros of immunized and infected catfish fry
with triple hemR and WT E. ictaluri strain at 2 dpi.

A. WT renal tubules of mesonephros with massive destruction of renal tubular
epithelium, loss of cytoplasmic and nuclear structures (thick arrow) and rupture of many
cells with bacteria in tubular lumina (thin arrow); many necrotic cells with high numbers
of bacteria aggregated in tubular lumina (arrow head). B. Epithelial cells of WT renal
tubules with high number of bacteria in vacuoles and free in the cytoplasm (arrow). C.
WT mesonephros with numerous bacteria in hematopoietic tissue and rupture of many
phagocytic cells (arrow). D. WT phagocytic cells with large numbers of short
intracellular rods (possibly intracellular replicating bacteria inside phagosomes) (arrow).
E. Other phagocytic cells from WT mesonephros with bacteria under different degree of
degeneration (arrow). F. Immunized catfish showing tubular epithelial cells filled with
electron dense globules (arrow). Bar = 4μm (B), 2μm (C and F), 4μm (D) and 6μm (E,
A).
On day 5, the immunized and the WT group had bacteria inside blood vessels
with varied endothelial cell changes. Endothelial damage and disseminated bacteria in the
hematopoietic tissue were detected in the WT. Many hematopoietic cell membrane
ruptures, cytoplasmic content escape, and intense numbers of bacteria were observed
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(Fig. 30 A). The endothelial cells of the mesonephros in the immunized group had
phagocytic capability with the ability to ruffle their membrane inside blood vessels or
extend pseudopodia around bacteria, in addition to the presence of lymphocytes in
contact with the endothelial cells and admixed with necrotic hematopoietic cells (Fig. 30
B).

Figure 30

TEM micrographs of mesonephros of immunized and infected catfish fry
with triple hemR and WT E. ictaluri at 5 dpi.

A. WT mesonephros showing damage of endothelial lining (arrow) of blood vessel (BV)
and escaping of bacteria (B) from inside to outside with diffuse destruction of many
hematopoietic cells, Bar = 2μm. B. Immunized catfish showing swollen endothelial cells
(SE) with granular amorphous cytoplasm with no definable organelles and nuclear lysis
and activated endothelial cells (AE) extended a ruffled pseudomembrane (arrow) inside
the vessels around many bacteria (B) beside viable lymphocyte (L), possible macrophage
and many other damaged or necrotic cells in hematopoietic tissue (N) surrounding the
blood vessels. Bar = 2μm.
At 14 days in the WT group, many hematopoietic cells were necrotic with
complete loss of cytoplasmic and nuclear structure, as well as other cells having
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degenerative changes including swollen mitochondria and other organelles (Fig. 31 A).
In the immunized group lymphoproliferation was extensively replacing hematopoietic
tissue, and necrotic cells with ruptured plasma membranes, fragmented cytoplasmic
organelles, and complete loss of the nucleus were observed (Fig. 31 B).

Figure 31

TEM micrographs of mesonephros of immunized and infected catfish fry
with WT and triple hemR at 14 dpi.

A. WT pronephros showing many necrotic cells (N) with loss of cytoplasmic organelles
and nuclear structure beside degenerative cells with dilated mitochondria and other
organelles. Bar = 2μm (D). B. Immunized catfish pronephros with individual cell necrosis
(N) surrounded by many lymphocytic cells (L). Bar = 4μm.
During the challenge with the WT E. ictaluri, no bacteria were detected in catfish
fry in the immunized group at 6h, 5 and 7dpi. At 5dpi, the ultrastructural changes in
sham-vaccinated group, showed loss of cytoplasmic and nuclear structure in renal tubular
epithelium (Fig. 32 B) and bacteria engulfed in phagocytic cells of the mesonephros (Fig.
32 D). Conversely, immunized fish were observed to have individual renal tubular cell
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necrosis with condensed chromatin and detachment from basal lamina (Fig. 32 A), as
well as activated hematopoietic cells and numerous lymphocytes (Fig. 32 C).

Figure 32

TEM micrographs of mesonephros of immunized and sham vaccinated
catfish fry at 5 dpi after challenged with E. ictaluri.

A. Sham-vaccinated mesonephros showing destruction and lysis of many cytoplasmic
organelles and nuclear structure of renal tubular epithelium (arrow), Bar = 2μm. B.
Immunized catfish mesonephros showing individual cell detached from basement
membrane (BM) with intracellular bacteria (arrow), Bar = 2μm. C. Sham-vaccinated
pronephros with bacteria (B) damaged phagocytic cells with destruction of plasma
membrane, leakage of cytoplasmic content out of the cells (arrow) and loss of nuclear
structure, Bar = 1μm. D. Immunized catfish pronephros with hyperplastic hematopoietic
cells and increased lymphocytes (L) and macrophages, Bar = 2μm.
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At 14 and 21 days after infection, the bacteria were not observed in the tissues and
blood vessels of the immunized and sham vaccinated group. A high number of activated
phagocytic cells, especially macrophages and dendritic cells, were seen in the tissues in
association with lymphocytes. Activated monocytes were seen inside blood vessels, and
intense phagocytic capability of endothelial cells was also noted. Many electron dense
lysosomal enzymes were observed inside these activated phagocytic cells.
Discussion
To describe and follow the infectivity of the triple hemR and to understand where
and how the pathogen crosses the physical barriers of the host, it is important to use an
experimental model that mimics a natural infection. To investigate the ability of the triple
hemR strain to invade the tissue and establish infection, light microscopy, IHC, and TEM
were used. Additionally, the bacteria’s interaction with the host’s immune cells at
different time points following the immunization and challenge were also examined.
Previously, the pathology and IHC of triple hemR on catfish mesonephros were reported
at 3 day post-exposure (Abdelhamed, Ibrahim et al. 2018). Here, we fully described the
pathology and ultrastructural changes following immersion exposure to triple hemR and
after re-exposure to WT E. ictaluri. Furthermore, we detect the distribution of this mutant
in different organs following immunization and challenge with WT E. ictaluri.
Pathologically, our results showed no changes at the early stage of infection,
especially at 6-hour post exposure. This suggests that E. ictaluri traverses the epithelial
lining using normal cellular transport systems. Subsequently, lesions have the same
classic pathological characteristics of E. ictaluri WT infection described in previous
reports, including widespread necrotizing inflammation in various visceral organs during
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the first 7dpi. This was followed by chronic granulomatous meningoencephalitis.
Although the lesions caused by the triple-hemR mutant were somewhat similar to classic
E. ictaluri lesions during immunization period, these were significantly different from
classic lesions during challenge period with E. ictaluri. This indicates that the safety of
this mutant was very low and the efficacy was high. This in agreement with our previous
findings (Abdelhamed, Ibrahim et al. 2018) as well as previous studies on pathological
effect of E. ictaluri in ictalurid and non-ictalurid fish (Areechon and Plumb 1983,
Miyazaki and Plumb 1985, Shotts, Blazer et al. 1986, Newton, Wolfe et al. 1989, Baxa,
Groff et al. 1990, Baldwin and Newton 1993, Hawke, Kent et al. 2013).
Immunohistochemically, the bacteria and the mutant strain were detected in the
intestine, on the skin, and in the nasal pit of both the WT and immunized group at the
early stage. Based on these results, we suggest that live E. ictaluri strain enters into
channel catfish through the epithelial lining of the intestine and skin without evidence of
epithelial cell damage. Once the bacteria pass through the epithelial barrier, macrophages
take up the bacteria, enter the circulation, and are transported to the internal organs which
become secondary infections at later time points (Miyazaki and Plumb 1985). Our results
agree with (Baldwin and Newton 1993) who demonstrated using IHC and TEM the
presence of E. ictaluri on the mucosal layer at early hours (6 hours) and five hours after
infection and immunization, inside phagocytes in the intestinal mucosa at 24hpi and in
the blood at 48 hpi. Additionally, (Menanteau-Ledouble, Karsi et al. 2011) found that
bacteria could colonize abrasion sites on catfish skin and that catfish with abrasions
developed systemic infection faster following experimental immersion exposure to
bioluminescent E. ictaluri. They also detected E. ictaluri in subdermal tissue by IHC. No
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detectable bacteria were seen by IHC in nasal pit or gills of either group during the
immunization period; however, the bacteria were seen on the olfactory mucosal surface at
6hpi during the challenge period. Therefore, it does not seem to be the primary portal of
entry.
The presence of bacteria on olfactory organs of WT and mutant groups during the
challenge period correlated with the findings of Morrison and Plumb (1994) who exposed
catfish to E. ictaluri using immersion exposure and detected E. ictaluri on the mucosal
surface and within olfactory epithelium by IHC and TEM at 24 hours after infection. E.
ictaluri were then phagocytosed by migratory leukocytes through the olfactory
epithelium into the interlamellar lumen and systemically disseminated either by the host
phagocytes or freely disseminated. Our results are contradictory to (Nusbaum and
Morrison 1996) who, after immersion of channel catfish (Ictalurus punctatus) fingerlings
for 1 h in water containing E. ictaluri at a concentration 5.6 × 106 bacterial cells per
milliliter labeled with [35S] methionine found that E. ictaluri rapidly accumulates on and
enters through the gills.
The number of bacteria began to increase at 2dpi especially in the intestinal
mucosal layer. At 3 dpi, the bacterial number began to increase in the visceral organs and
internal layers of the mucosal surface especially in the WT group when compared to the
mutant. The increase in bacteria correlated with the onset of mortality probably due to
septicemia indicating a systemic distribution of bacteria in different organs during
infection. High numbers of bacteria were observed in the kidney, spleen, liver, gills, skin,
and brain at 4-7 dpi, coinciding with the peak mortality in the WT and immunized
groups.
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Many previous histopathological papers reported that the nervous system effects
of E. ictaluri were seen in the late stage of the disease when the bacteria were cleared
from the tissue and directed to the brain. We detected the presence of bacteria in the brain
during the acute stage of the disease process using IHC analysis, which explains why
most fish exhibited nervous system signs including whirling movement before death and
is consistent with the lesions that were detected by light microscopy, especially in the
chronic phase. The clearance of most visceral organs, especially in immunized fish on
day 14 is most likely due to the increased number of phagocytic cells, especially
macrophages. The increased numbers of phagocytic cells were confirmed by TEM and
were located in blood vessels, the hematopoietic tissue of both kidneys and the ellipsoidal
part of the spleen, which could be a stimulation point of the immune cells to uptake of the
pathogen.
To the best of our knowledge, this is the first paper that follows the ultrastructural
changes using TEM of kidney and spleen and the immune response of catfish fry post
immunization at different time points of immunization and challenge periods. The lack of
bone marrow and lymph node in fish suggests the existence of alternative lymphoid
organs (including pronephros, spleen, and to some extent mesonephros) for antigen
capture, transport, presentation, and initiation of adaptive immune responses, in addition
to clearance of any foreign antigens from the bloodstream (Press and Evensen 1999). Fish
infected by WT or mutant strains had a quick and robust mobilization of bacteria from
the mucosal layers of skin, intestine, and nares by the bloodstream or by migration of
phagocytic cells to the immune organs to present antigen and activate the immune
system. As early as 6 hours after infection, no detectable bacteria with more granulocytes
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in pronephros and mesonephros was found in both groups. This means that granulocytes
could play a key role in the innate immune response against E. ictaluri in internal organs.
The bacteria began to proliferate toward day 2pi in fish in the WT group.
However, no detectable bacteria or ultrastructural lesions were present in the fish exposed
to the triple mutant. The severity increased toward day 5 for both groups. Many
phagocytic cells including monocytes, endothelial cells, reticular cells of the
hematopoietic compartment, and renal tubular epithelial cells in both groups had the
ability to uptake the bacteria. This may be due to the natural phagocytic ability of
pronephros and the hematopoietic compartments of mesonephros which are composed of
phagocytic reticular cells. In addition to phagocytic capability of endothelial lining of
blood vessels and proximal renal tubular epithelium (Zapata 1979), moderate numbers of
proliferating bacteria were seen in contact with monocytes and inside the luminal blood
vessels with many engulfed within endothelial. This confirms previous findings
indicating that the endothelial lining of blood vessels show the ability to extend
pseudopodia and surround the microorganisms to engulf them (Zapata 1979).
Even though phagocytosis was actively present, the number of proliferating
bacteria exceeded the killing ability of these cells, leading to rupture. Multiple bacteria
spread throughout the pronephros, the mesonephros, renal tubules, and the splenic
ellipsoids. The ability of E. ictaluri to replicate intracellularly and resist phagocytic
killing has been explained (Booth, Elkamel et al. 2006). It was discovered that E. ictaluri
can invade, survive, and replicate in channel catfish macrophages in the presence of the
acid activated urease gene that neutralizes the acidic environment of the
phagosome(Booth, Beekman et al. 2009). Several other pathogenic fish bacteria have
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developed mechanisms through which they can escape being killed by host macrophages,
such as Aeromonas salmonicida, Renibacterium salmoninarum, Vibrio anguillarum, and
F. psychrophilum (Garduño, Thornton et al. 1993, Gutenberger, Duimstra et al. 1997,
Boesen, Larsen et al. 2001, Decostere, D'Haese et al. 2001).
Additionally, this indicates that triple mutant and WT reduce the efficacy of the
immune system. Thus the pathogen can move systemically causing severe damage of the
tissue.
Our results indicated that toward day 14pi, no bacteria were detected in either
group, but severe necrosis was still seen in WT as compared to triple mutant.
Additionally, lymphoproliferation was observed in the immunized group which could
explain why the bacteria cleared at this time point. Our results agree with (Yamasaki,
Araki et al. 2013) who found that the bacteria were undetectable in kidney and spleen of
ginbuna crucian carp at 12dpi after intraperitoneal injection of E. tarda. He attributed this
to increased cytotoxic activities of cytotoxic T lymphocytes (CTLs) and increased
numbers of CD8α+cells.
Our results also indicate that during challenge periods no detectable bacteria
invade the pronephros, mesonephros, or spleen of the triple mutant at any time point.
Multiple replicating bacteria were detected in the macrophage phagosomes of fish in the
WT group, especially by 5-7 days. This was followed by expansion of pronephros,
mesonephros, and spleen by activated phagocytic cells. These results indicate that
following challenge with WT, the triple mutant stimulates the host immune response
resulting in increased resistance to bacterial invasion. This agrees with our previous
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findings that triple hemR induced more protection in fry after challenge with WT
(Abdelhamed, Ibrahim et al. 2018).
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CHAPTER IV
PATHOLOGICAL, ULTRASTRUCTURAL AND IMMUNOLOGICAL
ASSESSMENT OF LIVE ATTENUATED VACCINES AGAINST E. ICTALURI
Abstract
Vaccination is one of the best methods for protecting hosts against infectious disease.
Recently, our lab constructed two live-attenuated vaccine strains (LAVs) against enteric
septicemia of channel catfish (ESC), which were shown to be efficacious against
Edwardsiella ictaluri (E. ictaluri) infection, the cause of ESC. To further evaluate the
safety and efficacy of these vaccines, histological, ultrastructural, and
immunohistochemical (IHC) analyses were performed of vaccinated and unvaccinated
groups both before and after wild-type E. ictaluri (WT) challenge. No pathological or
ultrastructural lesions and few bacteria were observed in vaccinated groups except the
group vaccinated with EiΔgcvPΔsdhCΔfrdA (ESC-NDKL1), which had mild lesions.
However, severe pathological changes and high numbers of bacteria were detected in
most organs by IHC and TEM in the WT control group. After the challenge of vaccinated
fish with WT, moderate to severe lesions were detected in EiΔevpB and Aquavac-ESC
vaccinated groups, respectively. However, very mild to no pathological lesions were seen
in the ESC-NDKL1 vaccinated group. High phagocytic uptake and bacterial killing were
observed in all vaccinated groups, especially in the ESC-NDKL1 group. These
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observations suggest that these vaccines can effectively protect fish from pathological
lesions and eliminate WT E. ictaluri from fish.
Introduction
Edwardsiella ictaluri causes enteric septicemia of channel catfish (ESC), one of
the most important diseases in catfish aquaculture (Hawke 1979). The disease has
basically two forms: acute septicemia and chronic meningoencephalitis. The disease has a
significant economic impact to the US catfish industry, with estimated annual losses of
$20-$30 million (USDA 2003, USDA 2003b). A common method to treat ESC is
antimicrobial medicated feeds, however this is not effective in anorexic fish. Antibiotic
treatment may also promote the emergence of antibiotic-resistant strains. Thus,
vaccination remains and viable means to control bacterial disease outbreaks in
aquaculture. Although there is a commercial vaccine (Aquavac-ESC) available for ESC
(Klesius and Shoemaker 1999), high economic losses are still recorded annually. Thus,
there is an urgent need to improve and construct new live attenuated vaccines (LAVs).
LAVs are developed by genetic modification of the bacteria, which ideally
become attenuated but retain residual infectivity (Frey 2007). This enables the attenuated
strain to mimic the course of natural infection with only transient colonization of tissues,
thereby inducing solid immune system protection and resistance to re-infection. Due to
their ability to induce both an antibody response and T cell-mediated immunity, LAVs
are important means to control the infectious disease by stimulation the immune system.
Several new LAV candidates for ESC vaccines have been constructed in the last two
decades and are currently being evaluated in field trials. Recently, our lab has constructed
two LAVs (EiΔevpB and ESC-NDKL1). The first vaccine was developed by an in-frame
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deletion of evpB gene in the type 6 secretion system (T6SS) (Abdelhamed, Lawrence et
al. 2018) and the second one was developed by deletion of three genes related to
tricarboxylic acid cycle (sdhC, frdA, and gcvP) (Nho, Abdelhamed et al. 2017). These
vaccines had high attenuation during catfish trials, but their protective mechanisms are
completely unknown.
Although classical histopathological studies regarding the pathogenesis of ESC are
available (Jarboe, Bowser et al. 1984, Blazer, Shotts et al. 1985, Shotts, Blazer et al.
1986, Darwish, Plumb et al. 2000), limited information is available concerning the effect
of LAV in fish tissues and cells. In the present study, LAVs were compared to wild-type
E. ictaluri (WT) for persistence, colonization, dissemination, and clearance in different
organs at different time points. Additionally, a sequential pathological and ultrastructural
analysis in different organs of vaccinated, unvaccinated, and control fish was made.
Similar studies were applied both to the vaccinated and WT infected fish. Finally, the
observed pathological and ultrastructural changes were correlated to the vaccine safety
and efficacy.
Materials and methods
Experimental animals
All fish experiments were conducted by a protocol approved by the Institutional
Animal Care and Use Committee at Mississippi State University. Specific pathogen free
(SPF) channel catfish fry were obtained from the CVM hatchery and fed twice a day.
Water temperature was maintained at 25°C throughout the experiments. Fish were
acclimated one or two weeks.
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Bacteria preparation
The WT 93-146 strain was cultured at 30°C on BHI agar plates for 48h.
Enumeration of colony-forming units (CFU) was performed by serial dilution of bacteria
in phosphate-buffered saline (PBS; pH 7.4) and plating on BHI agar. The small cultures
were prepared by picking one colony in 5 ml BHI broth, which is then used to prepare
250 ml large cultures in BHI broth with 5.63 x 107 CFU/ml.
Preparation of vaccine strain
The 3 LAV strains (Aquavac-ESC, EiΔevpB, and ESC-NDKL1) were cultured in
5 ml BHI broth at 30°C for 18 h with shaking. OD600nm values were 1.021 to 1.256. After
adjusting ODs, 250 ml BHI broth was inoculated at 30°C for 18 h with shaking. OD
values of the large cultures were 1.036 to 1.243, and cultures contained 5.63 x 107
CFU/ml.
Immersion vaccination and challenge
Two experiments were performed. The first experiment was to evaluate the safety
and efficacy of the LAVs in catfish fry, and the second experiment was to assess the
tissue distribution of bacteria during vaccination. In the first experiment, 14-day old SPF
catfish fry were randomly separated into 5 groups (400 fry/tank), and each group was
vaccinated with Aquavac-ESC, EiΔevpB, and ESC-NDKL1. A positive control group
was immersed in E. ictaluri wild-type strain 93-146. A negative control group received
BHI medium and all 5 groups were kept under identical conditions. Immersion was
conducted in 10 L water containing 5.63x 107 CFU/ml for 1 hour. During immersion,
constant aeration of water was provided with an air stone. Subsequently, the fry were
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transferred back to their 40-L flow-through tanks. All groups were challenged with E.
ictaluri WT at 28 d post-vaccination (dpv) (5.63 x 107 CU/ml of water), which lasted 21
days. At 6 h, 1, 2, 3, 4, 5, 6, 7, 14, 21, and 28 dpv and at 6 h, 1, 2, 3, 4, 5, 6, 7, 14, and 21
days post-infection (dpi), 6 fish per group were euthanized by an overdose of MS-222.
The 6 fish were divided into two groups of three fish and fixed either in 10% neutral
buffered formalin for histopathology or 0.5 Karnovsky’s fixative for transmission
electron microscopy (TEM). (Fig.33).

Figure 33

Schematic overview of experimental design to study the vaccine safety and
efficacy on the catfish fry.

At time 0, the fry (14-day old) were vaccinated for 1 h by immersion in 10 L water
containing 5.63 x 107 CFU/ml. The vaccinated fry were then challenged with WT strain
at 28 dpv, which lasted additional 21 days. Six fish were sampled at the indicated time
points. Three fish were used for light microscopy (LM), and three fish were used for
TEM.
In the second experiment, 7-day-old channel catfish fry were stocked into four 40
L tanks (50 fry/tank). The groups were EiΔevpB and ESC-NDKL1 vaccinated groups,
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WT (positive) and BHI (negative) groups. Immersion vaccination was conducted as
described above in water with 5.63 x 107 CFU/ml for 1h. Three catfish fry were sampled
from each group at 6 h, 1, 3, 5, 7, 9, 11, 12, 14, 16, and 21 dpv. After euthanizing in MS222, the fry were weighed and homogenized in 1 ml of sterile water using a homogenizer.
Ten-fold serial dilutions (10-1, 10-2, 10-3) from each homogenate were prepared, and 50 µl
were spread on Edwardsiella ictaluri medium (EIM) agar as described previously (Shotts
and Waltman 1990). After 48 h incubation, 0.5-1 mm green and translucent colonies were
counted (Fig. 34).

Figure 34

Edwardsiella ictaluri colonies on the EIM selective media.

The plate showing 0.5-1 mm green and translucent E. ictaluri ESC-NDKL1 colonies on
the EIM Selective media.
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The CFUs per gram of tissue were calculated for each fish per each time point and
log 10 transferred before comparing by ANOVA.
Histopathology and scoring system
Three fry samples collected in 10% neutral buffered formalin and fixed for at
least 24 h, then dehydrated in ascending percent of ethanol (70% to 100%), followed by
xylene in a tissue processor (Tissue–Tek VIP). The fry were embedded in paraffin wax
and sectioned using a microtome (Lecia RM 2255) to thin section (5 μm thick). The
sections were stained with hematoxylin and eosin (H&E) and examined using Olympus
BX60 microscope (Olympus U-TV1 X) and Infinity software.
A semi-quantitative scoring system was used to follow the pathomorphological
changes. Necrotic and inflammatory changes in tissue were placed into four categories: 0
= no pathologic changes, 1= mild pathologic alterations (around 25% of the organ
affected), 2 = moderate pathologic alterations (around 50% of the organ affected) and 3 =
severe pathologic alterations (around 75% of the organ affected). Finally, based on the
lesions, the frequency of disease was calculated during vaccination and WT challenge
periods.
Immunohistochemistry
For immunohistochemical analysis, the slides were deparaffinized for 20 m, then
retrieved in Dako Target Retrieval Solution, pH 9 (10x) (Dako, Denmark) in a pressure
food steamer (Oster, China) for 30 m. The tissue was immersed in hydrogen peroxide for
30 m to block peroxidase activity. After rinsing with sterile PBS, the tissue was blocked
with serum-free Dako Protein Block for 1 h incubation at room temperature. The tissue
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was then incubated with 1:500 mouse monoclonal anti Ed9 antibody (Ainsworth, Capley
et al. 1986) for 1 h followed by another hour incubation with secondary antibody (Stock
DAKO Envision+ Dual link system) horseradish peroxidase (HRP) (Dako North
America, Inc, Carpinteria, USA) after rinsing with PBS. 3, 3-diaminobenzidine (DAB)
substrate was applied on the section for 10 m. After rinsing with tap water for 10 m, the
section was stained with hematoxylin (Lecia Biosystem Richmond, Inc. USA) for 5 m
followed by immersion in acid ammonia to remove excess hematoxylin. Finally, the slide
was dehydrated, cleared with xylene and mounted with coverslip to examine using the
light microscopy. A slide without primary antibody incubation was stained and examined
as a control negative. The positive bacteria were counted at 60X magnification using eye
piece graticule in 10 random fields of pronephros after vaccination and challenge periods.
In each field, 10 squares were counted and bacteria numbers were calculated from a total
of 100 squares.
Ultrastructural analysis
Tissue specimens from spleen and anterior or posterior kidney of two fish were
fixed in 0.5 Karnovsky’s fixative in 0.1 M Na cacodylate buffer and then post-fixed in
1% osmium tetroxide. Tissues were then dehydrated in serial concentrations of alcohol
and acetone, embedded in resin, and sectioned using an ultra-microtome. Thick sections
(0.5 μm) were stained with toluidine blue and examined with a light microscope.
Ultrathin sections (80 nm) of selected areas were stained with uranyl acetate and lead
citrate, and then examined and photographed using an electron microscope (Jeol TEM1230).
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Statistical analysis
Initial models included tissue type and day as fixed effects with fish within day as
a random effect. However, the models did not converge. Consequently, the mean
pathology scores for all the tissues per fish per day were calculated and used as the
outcome variable with day as the only fixed effect. Separate models were used for the
“Vaccination” and “Challenge” periods for each of the vaccines. When there was a
significant day effect, Dunnett’s adjustment for multiple comparisons was used. Thus,
two-way ANOVA was performed using PROC MIXED method. Additionally, the
averages of the 3 log10-transformed bacterial concentrations for each group at each time
were compared with SAS Version 6 (SAS Institute, Cary, N.C.) analysis of variance in
the mixed model procedure and Tukey’s adjustment was used for interaction effects. The
results were considered significant if p < 0.05.
Results
Attenuation and safety of live vaccines in fry
To investigate the safety of the LAVs in catfish, a sequential pathological and
ultrastructural analysis of tissues collected from vaccinated and the non-vaccinated fry at
different exposure times was conducted. The severity of lesions in all organs (pronephros,
mesonephros, spleen, liver, stomach, intestine, nasal pit, skin, gills, thymus, brain and
ear) was recorded for each fish. The results revealed a significant difference in the
histopathological lesions between vaccinated and the non-vaccinated groups starting from
3 dpv until 14 dpv (Fig.35).
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Figure 35

Cumulative average of histopathological scores from three fish in the
vaccinated (Aquavac-ESC, EiΔevpB, and ESC-NDKL1) and control (WT)
groups at different time points.

Organs included pronephros, mesonephros, spleen, liver, stomach, intestine, nasal pit,
skin, gills, thymus, brain and ear. Letters represent the significant difference between
groups p < 0.05.
The incidence of infection (the number of fish infected) was recorded according
to presence or absence of the lesions. 22 out of 27 fish examined in the WT positive
control had a severe histopathological lesion with score 3 at different time points.
However, most fish analyzed in the vaccinated groups had no pathological lesions and
score 0, except that 3 of 33 fish vaccinated with ESC-NDKL1 at 4 and 5 dpv and 2 of 33
fish vaccinated with Aquavac-ESC at 3 and 4 dpv had a score 1-2 (Table 1 Figure 36).
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Table 2

Histopathological scores of vaccinated, positive (WT) and negative (BHI)
control fish.

Each group had three fish at each time point. a = mild, b= moderate and c= severe
infection, n/a = no fish were available.

Figure 36

Prevalence of diseased fish inferred from the histopathological scores.

Scores of 0-1 is considered no disease and 1-3 is considered diseased. Percentage of
diseased fish in vaccinated, WT and control group over the exposure time.
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The negative control group (BHI) showed no pathological changes in all organs
examined at the different time points. The positive control (WT) group showed very mild
pathological changes at 6 h and 1 dpi. The first pathological alterations were recorded in
all 3 fish examined at day 3 pi. The lesions were in the pronephros, mesonephros, and
spleen with random, scattered necrotic areas in the kidneys of one fish while the other
two had severe diffuse necrosis with numerous bacterial colonies, and fewer lesions were
seen in liver and intestine. From day 4 to day 7 pi, all the fish examined had extensive
and necrosis with myriad bacteria in pronephros (Fig 37 A1), mesonephros (Fig. 38 A1),
spleen (Fig. 39 A1), liver and intestine.
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Figure 37

The pathological, ultrastructural and immunohistochemical analysis of the
pronephros in vaccinated and WT E. ictaluri group at 5 and 7-day post
exposure.

A) Pathological changes in pronephros of channel catfish fry at 5 and 7-dpi and dpv. The
pronephros with severe necrosis with loss of cellularity and accumulation of eosinophilic
and basophilic debris in WT group (circle). The vaccinated group with Aquavac-ESC and
EiΔevpB with no pathological changes and normal hematopoietic tissue and few renal
tubules. The vaccinated group with ESC-NDKL1 with expansion of the hematopoietic
tissue, H&E at 400 x magnification. B) Ultrastructural changes of pronephros of channel
catfish fry after infection and vaccination with live attenuated vaccine strains. B1, WT
with numerous bacteria (thick arrow) beside many ruptured cells with pyknotic nuclei
and leakage of cytoplasmic content (thin arrow), TEM, Uranyl acetate and lead citrate
staining, Bar= 2μm. 2. B2, 3, 4 vaccinated group with no pathological change in the
hematopoietic cell structure. The cells have normal nucleus and cytoplasm, Bar = 2μm
(B2), 2μm (B3) 4μm (B4). C) Immunohistochemical analysis of WT and live attenuated
strain distribution in pronephros. C1, WT showing diffuse, intense positive
immunolabelling bacteria. C2, pronephros of vaccinated fish with Aquavac-ESC had no
positive immunolabelling bacteria. C3, pronephros of vaccinated fish with EiΔevpB with
a few positive immunolabelled attenuated strains. C4, pronephros of vaccinated fish with
ESC-NDKL1 with brown positive immunolabelled ESC-NDKL1 attenuated strain, IHC,
400X magnification.
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In general, the fish from the vaccinated group had no histopathological lesions
especially the group vaccinated with EiΔevpB and Aquavac-ESC. Mild lesions were in
the group vaccinated with ESC-NDKL1. These fish had histological variance in the
organs with lesions. For example, pronephros, mesonephros, and spleen in the vaccinated
group with EiΔevpB and Aquavac-ESC had no changes (Fig 37, 38, 39 A2, A3).
However, in the group vaccinated with ESC-NDKL1 individual cell necrosis was seen in
pronephros (Fig 37 A4), mild inflammation and pyknosis of renal tubular cells were
recorded in mesonephros (Fig 38 A4), and mild splenitis with few inflammatory cells
expanding the ellipsoids were observed in the spleen (Fig 39 A4).
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Figure 38

Pathological, ultrastructural and immunohistochemical analysis of the
vaccinated and WT E. ictaluri mesonephros at 5 and 7- day post vaccination.

A) Pathological changes in mesonephros of channel catfish fry at 5 and 7 days post
infection and vaccination. A1) WT mesonephros with severe necrosis of hematopoietic
tissue (thick arrow) and renal tubules (thin arrow). A2, 3) Vaccinated group with
Aquavac-ESC and EiΔevpB with no pathological changes, normal hematopoietic tissue
and multiple renal tubules. A4) Vaccinated group with ESC-NDKL1 with renal tubular
pyknosis and a focal area of necrosis and inflammation in the hematopoietic area (arrow),
H&E at 400 x magnification. B) Ultrastructural changes of pronephros following
exposure to WT and LAVs. B1) WT mesonephros with dissociation of renal tubular cell
from the basement membrane (thick arrow) and numerous bacteria either completely
replaced cells or leakage outside the cell after rupture the cell membrane (thin arrow),
TEM, Uranyl acetate and lead citrate staining, Bar= 2μm. B2, 3, 4) Vaccinated group
with Aquavac-ESC, EiΔevpB and ESC-NDKL1 with normal morphological structure of
renal tubule and intercellular lymphocyte (arrow), TEM, Uranyl acetate and lead citrate
staining, Bar= 2μm. C. Immunohistochemical analysis of WT and LAVs distribution in
mesonephros. C1) WT mesonephros with numerous positive immunostained bacteria in
the tubular lumen (thin arrow), intracellular in tubular epithelium and in the
hematopoietic tissue (thick arrow). C2, 3, 4) Vaccinated mesonephros with extremely
rare positive immunostained live attenuated strain in the hematopoietic tissue (thin
arrow). IHC, 400X.
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Figure 39

Pathological, ultrastructural and immunohistochemical analysis of the
vaccinated and WT E. ictaluri spleen.

A) Pathological changes in spleen of channel catfish fry at 5 and 7-day post infection and
vaccination. A1) WT spleen with diffuse, massive necrosis of ellipsoidal regions (thick
arrow) and many bacterial colonies (thin arrow). A2) Spleen of vaccinated group with
Aquavac-ESC and EiΔevpB with no pathological changes and normal ellipsoidal regions
(arrow). A4) Spleen from vaccinated group with ESC-NDKL1 with mild expansion of
ellipsoidal region and moderate inflammatory cells, H&E at 400 x magnification. B)
Ultrastructural changes of spleen following exposure to WT and LAVs. B-1) WT spleen
with complete replacement of splenic tissue with numerous bacteria (arrow), TEM,
uranyl acetate and lead citrate staining, Bar= 2μm. B2, 3, 4 vaccinated group with
Aquavac-ESC, EiΔevpB and ESC-NDKL1 with normal morphological structure of spleen
and multiple RBCs and lymphocytes, TEM, uranyl acetate and lead citrate staining, Bar=
2μm, 2μm, 4μm. C. Immunohistochemical analysis of WT and LAVs distribution in
spleen. C1) WT spleen with numerous positive brown immunostained bacteria in the
ellipsoidal region (arrow). C2) Spleen of Aquavac-ESC with no positive immunostained
live attenuated strain. C3, 4) Spleen of vaccinated group with EiΔevpB and ESC-NDKL1
showing extremely rare positive immunostained live attenuated strain in the
hematopoietic tissue (thin arrow). IHC, 400X.
On day 14 pi, 3 out of 3 fish exposed to EiWT had moderate to severe necrosis of
the internal organs, severe multifocal granulomatous ventriculitis in one fish, and
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encephalitis in all fish. In these granulomas, many bacteria were free or intracellular in
phagocytic cells and many inflammatory cells included macrophages and lymphocytes
(Fig. 40 A1). In contrast, none of the vaccinated group had lesions of the chronic form of
the disease (that is, no observable granulomatous encephalitis) (Fig. 40 A2).

Figure 40

Pathological and immunohistochemical analysis of the vaccinated and WT
E. ictaluri brain at 14-day post vaccination and infection.

A) Pathological changes in brain of channel catfish fry at 14 days post infection and
vaccination. A1) WT brain with multifocal granulomatous ventriculitis (arrow). A2)
Brain from the vaccinated group with Aquavac-ESC and EiΔevpB with no pathological
changes, H&E, 100X. B) Immunohistochemical analysis of WT and LAVs distribution in
brain. B1) WT brain showing numerous positive brown immunostained bacteria in the
ventricular regions, IHC, 400X (arrow). B2) Brain from the vaccinated group with
Aquavac-ESC showing no positive immunostained live attenuated strain. IHC, 400X.
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We also performed a sequential TEM analysis of the pronephros, mesonephros, and
spleen of two fish at 6h, 1, 3, 5, 7, 14 and 21 days post exposure to confirm the pathological
changes that occurred.
The control group had no changes in cell morphology of any organs. After 6h and
1d infection, the cellular morphology of the fish exposed to EiWT was similar to the
negative control group (BHI). However, at 2 dpi severe damage was seen in one of two
fish examined. In this fish, the pronephros, mesonephros, and spleen had complete
effacement of architecture many bacteria. Most of the bacteria appeared viable. At the early
stages, intact bacteria were within the phagosome. At later time points, the bacteria were
free in the cytosol. Cell death was common, with rupture of phagocytic membranes and
escape of bacteria and cytoplasmic content into the tissue. With time, the bacteria
completely replaced the pronephros (Fig.37 B1), mesonephros (Fig.38 B1) and spleen
(Fig.39 B1).
However, the vaccinated group had no major changes over the vaccination
periods in pronephros, mesonephros, and spleen and normal structures were detected. In
all time points examined, there was no evidence of bacteria in the tissue (Fig. 37, 38, 39
B2, B3, and B4). A few changes were noted in the vaccinated group with ESC-NDKL1
at 14dpv. These changes were slight hematopoietic cellular damage in the pronephros and
individual tubular epithelial degeneration and necrosis. Several necrotic cells in the
hematopoietic tissue were surrounded by many activated phagocytic cells extending
cytoplasmic processes around necrotic cells (heterophagy).
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Live vaccine distribution, expression, and persistence in the fry tissue with low
infectivity
To investigate whether the vaccine strains were able to invade, colonize the tissue
and persist without damage, IHC was performed on the sections obtained from all fish in
all groups of the first experiment. Immunohistochemistry was able to detect the distribution
and the expression of WT and vaccine strain effectively. We then correlated the results
with the pathological lesions in vaccinated versus non-vaccinated group. In the WT group,
many positive signals were observed and were consistent with bacteria. The first detectable
signals were observed on the skin covering the abdomen and fins and in the lumen of
intestine of most fish examined at 6h to 2dpi. From day 3 on, positive signals increased to
varying degrees in all fish. Most of the positive signal was observed in the hematopoietic
tissue of pronephros and mesonephros, and the renal tubules. The positive bacteria
increased over time in all tissues of all fish examined, reaching to peak level at day 5-7 p.i
(Fig 37, 38, 39 C1, C2 and C3). By day 14, most of the signal was observed in the brain
of 2 out of 3 fish, especially in the ventricles (Fig.40 B1). Additionally, high numbers were
observed in pronephros, mesonephros and all internal organs of one fish and moderate
numbers in another (Fig.41-1 and 2).
In contrast, few positive antigen signals were observed at 1 and 2 dpv. Positive
bacteria were attached to mucosal surfaces such as nasal pit and skin. By day 3 pv, few
signals were observed in pronephros. These signals varied between vaccinated groups.
The vaccinated fish with Aquavac-ESC had scant bacterial antigen expression over the
course of the vaccination period, in the mesonephros (Fig. 38 C2) of one fish examined
at day 5 pi. No antigen expression was in the pronephros (Fig. 37 C2) and spleen (Fig. 39
C2) at day 5. No antigen was in the hematopoietic tissue (Fig. 41-3) or brain (Fig. 40 B2)
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at day 14 pv. In the group vaccinated with EiΔevpB, the antigen was detected at 3 dpi and
persisted until 5 dpi in pronephros (Fig.37 C3), mesonephros (Fig.38 C3) and spleen
(Fig.39 C3). No antigen was in brain (Fig. 41-4) or hematopoietic tissue (Fig. 40 B2) at
day 14 pv. However, the group vaccinated with ESC-NDKL1 had positive antigen
expression in pronephros (Fig.37 C4), mesonephros (Fig.38 C4) and spleen (Fig.39 C4)
from day 3 pv and persistence of the positive antigen until 14 dpi, especially in the
hematopoietic tissue of mesonephros (Fig. 41-5). No detectable antigen was in the brain
(Fig. 40 B2).

Figure 41

Immunohistochemical analysis of the vaccinated and WT E. ictaluri at 14
dpi and pv.

1, 2) Representative image of mesonephros of two WT fish with one having diffuse,
intense positive brown immunostained bacteria and other with few positive
immunostained bacteria (arrow), IHC, 400X. 3 and 4) Mesonephros of vaccinated group
with Aquavac-ESC and EiΔevpB with no positive immunostained antigens. IHC, 400X.
5) Vaccinated group with ESC-NDKL1 with rare positive immunostained antigens
(arrow), IHC, 400X.
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Additionally, a tissue persistence study was conducted on 7-day old fry following
vaccination with EiΔevpB and ESC-NDKL1. The result showed no significant difference
between the bacterial concentration in WT and vaccinated group with EiΔevpB and ESCNDKL1, especially at 6h until 7d (P>0.05). However, there was a significant difference
between the mean concentration of bacteria in WT compared to the vaccinated group at 5
and 7d pi in which the mean bacterial concentration was significantly increased from 10 6
CFU/g of tissue at 6 hpi to 1011 CFU/g of tissue at 5-7 dpi in the WT group. As all fish
were dead by 7dpi in WT group, the comparison between infected groups versus vaccinated
ended. However, the vaccine strain persisted for 11d and 16 dpv for fry vaccinated with
EiΔevpB and ESC-NDKL1 respectively (Fig. 42).
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Figure 42

Bacterial Concentrations of wild-type E. ictaluri, EiΔevpB and ESC-NDKL1
in channel catfish fry at a different time points following immersion
exposures.

The numbers represent the averages of the log10 transformations of the number of
bacteria per gram of tissue for the three-fry homogenized at each time point in each
treatment. The letter represents the statistical difference (p<0.05) was significant.
Live vaccine protects against lethal challenge with WT strain or reduces the
pathological lesions in vaccinated fish after challenge
The pathological and ultrastructural assessment of most organs in vaccinated fry
post challenge was an important method to evaluate the protective effect of LAVs and to
understand whether the LAVs induce lesion similar to WT or not. Our findings suggest a
significant difference in the pathological lesions in the vaccinated fish with ESC-NDKL1
and EiΔevpB versus the sham-vaccinated one (P< 0.05). However, there was no
significant difference between the vaccinated group with Aquavac-ESC and sham
vaccinated group over the course of infection (P> 0.05) (Fig. 43).
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Figure 43

Cumulative average of histopathological lesions after re-exposure to WT.

The mean of necrosis and inflammation score of combined organs including pronephros,
mesonephros, spleen, stomach, intestine, nasal pit, skin, thymus, and ear collected from
vaccinated and sham vaccinated channel catfish challenged with E. ictaluri wild-type
strain. Letter represents the significant difference between groups p< 0.05.
The number of fish that had pathological lesions (incidence of infection) were
recorded (Table. 3, figure. 44). Twenty-one out of 30 fish examined in the shamvaccinated group had infection that began as mild at 1 to 2 dpi, peaked from 3 to 7dpi,
decreased at 14 dpi and returned to normal by 21dpi. However, of the 90 vaccinated fish
examined that had lesions, 17 of the Aquavac-ESC group had a score of 2 to 3, 8
EiΔevpB infected fish had a score of 2, and 5 ESC-NDKL1 infected fish had a score of 1.
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Table 3

Prevalence of disease in sham-vaccinated group and vaccinated group after
challenge with WT.

The number of diseased fish out of the total number of fish collected (n= 3/group) per
each time point after exposure of vaccinated group and sham vaccinated group to WT E.
ictaluri, a= mild infection, b= moderate and c= severe infection.
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Figure 44

Prevalence of diseased fish by pathological scoring after challenge with WT.

Percentage of diseased fish in vaccinated, WT and control group over the exposure time.
The histopathological observation was focused on the necrosis and inflammatory
lesions in most organs examined. The lesions in the sham-vaccinated group started at day
4 post bacterial challenge and increased gradually over the days post challenge with peak
lesions from day 4 to 21 pi (Fig. 43). The most significant lesions were observed in
pronephros (Fig. 45 A1), mesonephros (Fig. 46 A1) and spleen (Fig. 47 A1) with a lower
severity than sham vaccinated group. The stomach wall was massively expanded by
edema fluid admixed with inflammatory cells (Fig. 48-1). Also, the liver had frequent
hepatocellular necrosis. Apoptotic bodies were engulfed by the neighboring healthy
hepatocytes. Adjacent hepatocytes had many intracellular bacterial colonies (Fig. 49-1).
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Figure 45

Pathological and ultrastructural analysis of pronephros of the vaccinated and
sham vaccinated group after challenge with WT E. ictaluri.

A) Pathological changes in pronephros of channel catfish fry at 5 and 7 days post
challenge with WT E. ictaluri. A1) Pronephros of sham-vaccinated group with severe
diffuse necrosis with hypocellularity of hematopoietic cells (thick arrow) in shamvaccinated group. A2) Pronephros from the vaccinated group with Aquavac-ESC with
moderate necrosis and relative hypocellularity of hematopoietic tissue (arrow). A3)
Pronephros from the vaccinated group with EiΔevpB with multifocal area of myeloid
hyperplasia (arrow). A4) Pronephros from the vaccinated group with ESC-NDKL1 with
no pathological change with normal hematopoietic tissue, H&E at 400 x. B)
Ultrastructural changes of pronephros of vaccinated and sham-vaccinated channel catfish
fry following challenge with WT E. ictaluri. B-1) WT pronephros macrophage with
numerous intact bacteria (thick arrow) and a few clumped dead bacteria (thin arrow) in a
large phagosome, TEM, uranyl acetate and lead citrate staining, Bar= 1μm. B2) AquavacESC pronephros macrophage with two bacteria in a phagosome, one intact (thin arrow)
and the other clumped and dead (short arrow), and numerous lysosomal vesicles (thick
arrow). B3) Pronephros macrophage of the vaccinated group, EiΔevpB, with one
bacterium in a phagosome and another in the cytosol (arrows), TEM, uranyl acetate, and
lead citrate staining, Bar= 1μm. B4) Pronephros macrophage of vaccinated group, ESCNDKL1, with many bacteria in the phagosome and multiple clumped and killed (thick
arrow), Bar= 1μm. B5) WT phagocytic cell with rupture of the cell and escape of the
bacteria extracellularly (arrow) and surrounding tissue necrosis (thick arrow). B6)
Aquavac-ESC macrophage with numerous bacteria in phagosomes (arrow). B7) B cell of
vaccinated group with EiΔevpB with extended pseudopodia around the bacterium (arrow)
and apoptotic cell (thick arrow). B8) B cell of vaccinated group with ESC-NDKL1 with
bacteria engulfed in phagosome (arrow).
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The vaccinated fish had a range of lesions with no or mild lesions in the fish
vaccinated with ESC-NDKL1, moderate lesions in the fish vaccinated with EiΔevpB, and
severe lesions in the fish vaccinated with Aquavac-ESC. Following challenge, the lesions
in the group vaccinated with Aquavac-ESC increased gradually from day 3 until day 14.
The lesions were severe closely corresponding to the observations in the non-vaccinated
WT group. At day 3 pi, the lesions were identified especially in the mesonephros with a
focal area of renal tubular necrosis. Between days 4 and 7, numerous bacteria were in
pronephros, mesonephros, and spleen amongst extensive necrosis in the hematopoietic
tissue of both kidneys. This necrosis was evidenced by hypereosinophilia of the
hematopoietic cells and pyknosis, karyorrhexis and karyolysis. This necrosis was also
observed in the renal tubules and bacterial clumps were in the epithelial cells, glomerulus
or tubular lumen (Fig. 45 A2, 13 A2). The spleen lesions were either granulomatous
splenitis with wide and thick aggregates of macrophages or massive hypocellularity from
the replacement of the ellipsoidal region by homogenous eosinophilic coagulum and few
cells (Fig. 47 A2). Mild edema in the stomach was detected early at 3dpi in one fish of the
three examined.

Most of the examined fish at day 5 post-challenge had extensive

expansion of the lamina propria of the stomach with edema admixed with inflammatory
cells (Fig. 48-2). The liver had aggregation of bluish regenerative cells (Fig. 49-2)
By day 14, the internal lesions were reduced, and included moderate necrosis in
spleen and mesonephros, and mild but similar change in the pronephros. However, the
lesions tended to be more chronic and included many granulomatous lesions in brain,
eye, soft tissue and buccal cavity. Brain granulomas were seen early at 7dpi to 14 dpi in
most fish examined (4/6) (Fig. 50-1). Granulomatous ophthalmitis was seen in two of
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three examined at 14 days. One eye had mild inflammatory aggregates while the other
eye had complete replacement of the eye with an expanded mass of granulomatous
inflammation (classical granuloma with necrotic center walled by 7-8 layers of
macrophages, lymphocytes and fibroblasts) (Fig. 50-4). By day 21, the normal tissue
structure was in most of the organs examined.
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Figure 46

Pathological and ultrastructural analysis of mesonephros of the vaccinated
and sham-vaccinated group after challenge with WT E. ictaluri.

A) Pathological changes in mesonephros of channel catfish fry at 5 and 7-day post challenge with
WT E. ictaluri. A1) Mesonephros of the sham-vaccinated group with severe hypocellularity of
hematopoietic cells (thick arrow) and bacterial clumps in the tubular lumen (thin arrow) in WT
group. A2) Mesonephros of the vaccinated group with Aquavac-ESC with moderate necrosis and
hypocellularity of hematopoietic tissue (thick arrow) and bacteria clumps inside the tubular lumen
(thin arrow). A3) Mesonephros of the vaccinated group with EiΔevpB with focal area of necrotic
sloughed renal tubular epithelium, individual hematopoietic cell necrosis and few bacteria
(arrow). A4) Mesonephros of the vaccinated group with ESC-NDKL1 with no pathological
change and normal renal tubules and interstitial hematopoietic tissue, H&E at 400 x
magnification. B) Ultrastructural changes of mesonephros of vaccinated and sham-vaccinated
channel catfish fry following challenge with WT E. ictaluri. B-1) Sham-vaccinated mesonephros
with multifocal renal tubular necrosis with loss of nucleus and deterioration of the cytoplasmic
organelles (thick arrow) and multiple bacteria in sloughed necrotic cellular remnants in the renal
tubular lumen (arrow), TEM, uranyl acetate and lead citrate staining, Bar= 2μm. B2)
Mesonephros of fish vaccinated with Aquavac-ESC with rupture of one tubular epithelial cell and
loss of most cytoplasmic organelle (thick arrow) with numerous bacteria inside the lumen (thin
arrow). B3) Mesonephros of vaccinated group with EiΔevpB with a focal area of renal tubular
necrosis (thick arrow) and few bacteria in the epithelial cells, TEM, uranyl acetate and lead citrate
staining, Bar= 2μm. B4) Mesonephros of vaccinated group with ESC-NDKL1 with dilation of
cytoplasmic organelle and few bacteria in the epithelial cells between the epithelial cells (thin
arrow), Bar= 2μm. B5, 6, 7, 8) renal tubular epithelial cell with varying numbers of bacteria in
each group (arrow) in B5; few bacterial numbers with evidence of bacteria escape from
phagosome (arrow) in Aquavac-ESC group (B6); thick arrow in B5 and B6 indicate the epithelial
cell with numerous mitochondria; few bacteria in the epithelium of EiΔevpB (arrow) and dead
bacteria inside the phagosome of vaccinated group with ESC-NDKL1 (arrow) (B8), Bar= 2μm,
2μm, 1μm.
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Figure 47

Pathological and ultrastructural analysis of spleen of the vaccinated and
sham-vaccinated group after challenge with WT E. ictaluri.

A) Pathological changes in spleen of channel catfish fry at 5 and 7-day post challenge
with WT E. ictaluri. A1) Spleen of sham-vaccinated group with multiple foci of loss the
cellularity of ellipsoidal region (arrow). A2) Spleen of the vaccinated group with
Aquavac-ESC with multiple foci of hypocellularity of the ellipsoidal region (arrow). A3)
Spleen of the vaccinated group with EiΔevpB with focal area of inflammatory cells
represented by 5 layers of macrophages admixed with lymphocytes (arrow). A4) Spleen
of the vaccinated group with ESC-NDKL1 with normal ellipsoidal regions with few
melanomacrophages, H&E, 400 x. B) Ultrastructural changes of spleen of vaccinated and
sham-vaccinated channel catfish fry following challenge with WT E. ictaluri. B-1) Sham
vaccinated spleen phagocyte cell with few bacteria in the cytoplasm with rupture the cell,
TEM, uranyl acetate and lead citrate staining, Bar= 1μm. B2) Spleen dendritic cell like
from vaccinated group with Aquavac-ESC with necrotic criteria as loss of nucleus and
presence of electron-dense material inside the Birbeck like granules. B3) Splenic
dendritic cells like of EiΔevpB with normal architecture and numerous electron-dense
material inside the granules, TEM, uranyl acetate and lead citrate staining, Bar= 800nm.
B4) ESC-NDKL1 spleen with dendritic cell like with few electron-dense materials in the
Birbeck granule, Bar= 800nm. B5) Sham vaccinated spleen with numerous intracellular
and extracellular bacteria and loss of cellular morphology (arrow), Bar= 2μm. B6)
Vaccinated group with Aquavac-ESC with macrophage with bacterial clumps inside the
phagosome (arrow), Bar= 2μm. B7) Vaccinated group with EiΔevpB with macrophage
with dead remnant bacteria, Bar= 2μm. B8) Vaccinated group with ESC-NDKL1 showing
bacteria remnant inside the phagosome of one normal macrophage and another damaged
cell, Bar= 2μm.
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In the group vaccinated with EiΔevpB, cellular alterations were seen between 5dpi
and 7dpi. These pathological alterations included random scattered lesions in pronephros,
mesonephros, spleen, and stomach. No lesions in intestine and liver as seen in AquavacESC vaccinated groups. The lesions in these organs were observed as either necrosis as in
the mesonephros, hyperplasia in the hematopiotic organs, inflammatory change in spleen
(Fig. 47 A3) or edema in the lamina propria of the stomach in one fish from three per
each time point (Fig. 48-3). Hyperplastic lesions were observed in the kidney with a
massive expansion of the hematopoietic tissue with numerous proliferative lymphocytes
and myeloid cells with mitotic figures (Fig. 45 A3). The liver had no lesions at 5 days
post-challenge (Fig. 49-3). Chronic lesions were occasionally seen at 14 dpi and one fish
of three examined had a focal area of granulomatous ventriculitis (Fig. 50-2) and
moderate ophthalmitis in one eye (Fig. 50-5). However, only scattered individual cell
necrosis was noticed in the pronephros and a focal area of hepatitis. No lesions were in
the spleen which had architecture with many activated melanomacrophages. By day 21,
only mild edema was in the gastric lamina propria of one fish.
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Figure 48

Photomicrograph of stomach in vaccinated and sham vaccinated group after
exposure to WT E. ictaluri.

1) Stomach of sham-vaccinated group with severe expansion of lamina propria by edema
(line) and focal admixed inflammatory infiltrates (arrow), H&E, 400X. 2) Stomach of
vaccinated group with Aquavac-ESC with expansion of stomach wall by severe edema
(line). 3) Stomach of vaccinated group with EiΔevpB with mild expansion of the lamina
propria with edema (line), H&E, 200X. 4) Stomach of vaccinated group with ESCNDKL1 with mild expansion of the stomach wall by edema (line), H&E, 400X.
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Figure 49

Photomicrograph of liver in vaccinated and sham-vaccinated group after
exposure to WT E. ictaluri.

1) Sham-vaccinated group showing with bacterial colonies inside the hepatocyte (thin
arrow) beside apoptotic bodies phagocytosed by the neighboring hepatocyte (thick
arrow), H&E, 400X. 2) Vaccinated group with Aquavac-ESC with focal aggregation of
regenerative cells (arrow), H&E, 400X. 3) Vaccinated group with EiΔevpB with normal
hepatocytes, H&E, 400X. 4) Vaccinated group with ESC-NDKL1 with hepatocyte
vacuolation and lipiodosis, H&E, 400X.
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Figure 50

Representative photomicrograph for granulomatous reaction in the brain,
eye, soft tissue of vaccinated catfish after exposure to WT E. ictaluri at 14
dpi.

1) Brain section of Aquavac-ESC with focal area of granulomatous encephalitis and
ventriculitis (arrow), H&E, 100X. 2) Brain section of EiΔevpB showing granulomatous
ventriculitis (arrow), H&E, 100X. 3) Brain section of vaccinated group with ESCNDKL1 with normal brain without any granulomatous inflammation, H&E, 40X. 4) Eye
section of vaccinated group with Aquavac-ESC with severe effacement of eye with
granulomatous ophthalmitis; inset, infiltration of eye with diffuse macrophages admixed
with lymphocyte. 5) Eye section of vaccinated group with EiΔevpB with mild
ophthalmitis with mild infiltration of eye with inflammatory cells extending into
surrounded soft tissues and skeletal muscle, H&E, 100X. 6) Soft tissue section of
vaccinated group with ESC-NDKL1 with moderate granulomatous panniculitis, 100X;
inset, aggregation of inflammatory cell, 400x, H&E.
The fish vaccinated with ESC-NDKL1 (EiΔgcvPΔsdhCΔfrdA) had mild to
moderate pathological alterations when challenged with wild-type strain. Additionally,
lesions were considerably less intense when compared with the other vaccinated groups.
Lesions included focal edema in the gastric wall by day 3 and 5 pi (Fig. 48-4) and no
lesions in the other internal organs such as liver (Fig. 49-4). By day 7 pi, the gastric edema
131

disappeared, and the lesions included edema in pronephros (Fig. 45 A4), individual tubular
epithelial necrosis (Fig. 46 A4), many activated phagocytic cells in the splenic tissue
phagocytosed necrotic debris and activated melanomacrophages (Fig. 47 A4). The organs
were seen as similar to normal without any changes between day 14 pi and 21pi. No brain
lesions were seen at this chronic stage (Fig. 50-3). Occasional granulomatous panniculitis
was observed in one fish at day 14pi (Fig. 50-6). These results indicated that the
constructed vaccines were controlled by pathological lesions than the commercial vaccine.
To understand the cause and the mechanism of the pathological lesions,
transmission electron microscopy was performed on the organs especially the immune
organs including pronephros, mesonephros, and spleen (mentioned below).
Live attenuated vaccine increases the immune system efficacy and reduces the
bacterial replication after challenge with wild-type E. ictaluri.
To ascertain that the immune response produced by fish vaccinated with ESCAquavac-ESC, EiΔevpB and ESC-NDKL1 were protective, the immune organs were
assessed by a) evaluating the cell efficacy to uptake and kill pathogen using TEM b)
estimate the positive bacteria expressed in the all organs using IHC. To evaluate the hostpathogen interaction and the mechanism of protection, in addition, to understand how
vaccination controls the pathological alteration following challenge, sequential
ultrastructural analysis of pronephros, mesonephros, and spleen were performed. The
sham-vaccinated group had severe damage and necrosis with loss of plasma membrane,
leakage of the cytoplasmic content and nuclear damage in most of the cells in the tissues
examined at 5-7 dpi. The bacteria were observed inside a big autophagic vacuole with many
remnants and few intact bacteria. Additionally, the bacteria occurred extracellularly in the
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phagocytic cells with much cell damage. These observations were seen in the pronephros
(Fig. 45 B1 and B5) and spleen (Fig. 47 B1 and B5). In the mesonephros, numerous renal
tubules had loss of nucleus and cytoplasmic organelles with intact membrane (Fig. 46 B1).
Additionally, many bacteria were observed in a small vacuole in the epithelial cell (Fig. 46
B5). At day 14, the same observation was seen except for the absence of bacteria.
In comparison, the vaccinated group had increased efficacy of bacterial killing. No
observable changes were recorded at 6h and 1dpi for all vaccinated groups. However, at
day 5 pi, bacteria were seen in different pronephric, mesonephric and splenic phagocytic
cells either in phagocytic vacuoles or in the cytoplasm. Additionally, there was variance in
the number of bacteria detected in each cell and some were intact while others were
fragmented. All of the cells were hypertrophied and many mitochondria were observed in
the cytoplasm of these cells.
The group vaccinated with Aquavac-ESC showed variability in the cellular ability
to uptake and kill either the bacteria in pronephros, mesonephros and spleen. In the
pronephros, some cells had the ability of bacterial killing and had many lysosomal vesicles
inside the autophagic vacuole (Fig. 45 B2), while other cells had large numbers of the
bacteria inside the phagosome with severe cellular damage (Fig. 45 B6). In the
mesonephros, numerous bacteria were observed extracellularly in the tubular lumen and in
renal tubular epithelial cells. Frequent evidence of bacterial replication and escape either
from phagosomes or ruptured cells was documented (Fig. 46 B2 and 6). In the spleen,
dendritic cells had evidence of phagocytosis with the presence of electron-dense material
in Birbeck granules (Fig. 47 B2). At later time points, clumping of bacteria and killing
were seen in splenic macrophages (Fig. 47 B6). Evidence of cell lysis was either in
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hematopoietic tissue or the renal epithelium. These morphological changes including
hypertrophy, degeneration, dilation of organelles or complete lysis and loss of organelles
as seen in representative images from these organs.
In comparison, in the group vaccinated with EiΔevpB, fewer numbers of intact
bacteria (1-2 bacteria per cell) were observed in the hematopoietic organs of the two-fish
examined with high bactericidal activity at 5 dpi. However, the majority of bacteria had
morphological changes and were completely damaged inside a membrane-bound vesicle.
Inside the vesicles, many intact or ruptured lysosomes were seen secreted on the engulfed
bacteria (Fig. 45 B3, 45 B7, 46 B7). The evidence of escape was observed by a partially
surrounding membrane around a bacterium in the hematopoietic phagocytic cells.
However, most of the bacteria detected in the renal tubules were not enclosed by a
phagosome membrane. These bacteria were separated from the cytoplasm only by a narrow
electron-lucent space often containing vesicular, membranous, or amorphous bodies
causing individual tubular cell damage (Fig. 46 B3, 7). The evidence of B cell ability to
phagocytize the bacteria was observed in the pronephros (Fig. 45 B7). Additionally, the
splenic dendritic cells had much electron-dense material inside granules (Fig. B3). No
evidence of bacterial replication was observed at 5 dpi.
The same observations were seen in the group vaccinated with ESC-NDKL1 with
more phagocytic uptake and high killing activity. Large numbers of bacteria were observed
ranging from 1-8 per cell in the hematopoietic tissue (Fig. 45 B4) and renal tubules (Fig.
46. B4). Some cells had intact bacteria without morphological changes inside phagosomes
admixed with bacteria remnants (Fig. 45 B4), while others had large vacuoles filled with
bacterial remnants (residual bodies). Additionally, pronephros B-cells had extension of
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pseudopodia around the bacteria, and another bacterium engulfed in a small vacuole
(Fig.45-B8). The ability of epithelial cells to kill the pathogen was highest in this group
(Fig. 46 B8). The splenic dendritic cells had few electron-dense materials in granules (Fig.
47 B4) in addition to high phagocytic killing and fragmentation of bacteria in the
phagosome (Fig. 47 B8). Evidence of bacterial intracellular replication was very rare. The
ability to escape from the cell extracellularly was occasionally observed and a few bacteria
were outside the cell. Most cells were hypertrophied and a few were degenerate.
In all vaccinated groups, no detectable bacteria were noted in the pronephros and
mesonephros and individual cell alterations, lymphoproliferation, and many activated
phagocytic cells were identified. Most of cells had hypertrophy, while fewer had
degeneration and necrosis at day 14 post-infection.
Additionally, we performed IHC to quantify the number of bacteria after
challenge and document whether the vaccine reduces bacterial proliferation. A higher
number was observed in the sham-infected group, while moderate to no bacterial
numbers were detected in the vaccine group. There was no significant difference between
sham-vaccinated and vaccinated group with Aquavac-ESC or EiΔevpB at day 5 and 7
after counting bacterial numbers in pronephros as an example. However, there was a
significant difference between the vaccinated group with ESC-NDKL1 and the other
groups (Fig.51).
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Figure 51

Mean bacterial number in pronephros after counting positive immunostained
bacteria in sham-vaccinated and vaccinated groups.

Few bacteria were observed in the pronephros, mesonephros, and spleen at day 3
post-infection. Toward day 5, bacteria increased, especially in sham-vaccinated and
Aquavac-ESC group, with relatively few in the EiΔevpB (only one fish out of the threefish examined) group, and the fewest in the ESC-NDKL1 group. By day 7 post exposure,
bacterial immunostaining peaked in the EiΔevpB group as well as the sham-vaccinated
group, with many phagocytic cells expanded by engulfed bacteria, especially in spleen,
pronephros, and mesonephros of EiΔevpB (Fig.52-1, 3 However, the overall bacteria
were decreased in the Aquavac-ESC vaccinated group and no/scarce immunostained
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bacteria were seen in the ESC-NDKL1 group (one fish had one or two bacteria in
pronephros, and the others had no bacteria) (Fig.52-2, 4).

Figure 52

Immunohistochemistry analysis of pronephros, mesonephros, and spleen of
sham-vaccinated and vaccinated group with LAVs after challenge with WT
at 7 days post challenge.

1) Sham-vaccinated pronephros at 7 days post-challenge with moderate numbers of
positive immunostaining bacteria, IHC, 400X. 2) Aquavac-ESC pronephros with
few immunostained bacteria, IHC, 400X. 3) EiΔevpB pronephros with moderate
numbers of positive bacteria, IHC, 400X. 4) ESC-NDKL1 pronephros with few
positive bacteria, IHC, 400X. 5) Sham vaccinated mesonephros with severe
bacterial numbers, IHC, 400X.6) Aquavac-ESC mesonephros with few
immunostained bacteria, IHC, 400X.7) EiΔevpB mesonephros with moderate
immunostained bacteria, IHC, 400X. 8) ESC-NDKL1 mesonephros with
extremly rare immunostained bacteria, IHC, 400X.. 9) Spleen of sham-vaccinated
group with moderate number of immunostained bacteria in the red pulp and
ellipsoidal part of spleen, IHC, 400X. 10) Spleen of Aquavac-ESC with few
scattered immunopositive bacteria in ellipsoid and red pulp, IHC, 400X. 11)
Spleen of vaccinated group with EiΔevpB with high number of immunostained
bacteria inside the phagocytic cells , IHC, 400X, 12) Spleen of vaccinated group
with ESC-NDKL1 with no detectable immunostained bacteria IHC, 400X.
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Finally, fragmentation of bacteria were detected in most of the groups at 14 days
post-challenge (Fig.53-1,2,3,4) This indicates that the strength of the immune system was
increased after vaccination with the greatest response seen in the ESC-NDKL1
vaccinated group. Overall during the 21-day challenge phase, the positive immunostained
bacteria were lower than WT group for 28 days infection.

Figure 53

Immunohistochemistry analysis of pronephros of sham-vaccinated and
vaccinated group with LAVs after challenge with WT at 14 days post
challenge.

1) Sham-vaccinated pronephros with fragmentation of the bacteria in the
hematopoietic tissue, IHC, 400X. 2, 3, 4) vaccinated group with Aquavac-ESC,
evpB, and ESC-NDKL1 showing pieces of bacteria without any intact one, IHC,
400X.
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Discussion:
Immersion vaccination is a preferred method for mass delivery of the vaccine and
as a strategy for controlling ESC in fish (Evensen 2009). Implementation of an effective
ESC vaccine has proven difficult despite the availability of a commercial vaccine. The
ideal vaccine should cause no detectable disease, have a rapid and durable immunity after
administration, and lead to the prevention or reduction of pathogen replication. Also, the
vaccine should remain stably attenuated and safe during use. A live attenuated vaccine
ESC-NDKL1 and EiΔevpB may be capable of meeting this goal.
Previously, our lab constructed a new live attenuated vaccine by in-frame deletion
of one or more genes so that the pathogen lost most infectivity, but retained residual
infectivity (Nho, Abdelhamed et al. 2017, Abdelhamed, Lawrence et al. 2018). These
vaccines were shown to be highly attenuated and efficacious in catfish fry and
fingerlings. In this study, we performed more extensive studies to further evaluate
efficacy and safety of LAVs against ESC under conditions similar to natural infection.
To evaluate safety, a sequential pathological and ultrastructural analysis was
done. The results showed that the vaccine candidate strains were highly attenuated and
safe in the catfish fry. The vaccinated groups did not have any pathological lesions,
especially in the EiΔevpB and Aquavac-ESC groups, and only mild lesions were seen
with ESC-NDKL1. Also, transmission electron microscopy and disease incidence
confirmed the histopathological results. No ultrastructural changes over the immunization
course were seen with EiΔevpB or Aquavac-ESC. Individual cell damage in pronephros,
mesonephros, and spleen were identified in the fish vaccinated with ESC-NDKL1. The
incidence of disease with EiΔevpB was zero, with 0% prevalence; however,
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approximately 7% and 9%, respectively, of the fish vaccinated with Aquavac-ESC and
ESC-NDKL1 had disease lesions. These data matched our previous survival data in
which EiΔevpB and ESC-NDKL1 had 100% and 90% safety, respectively (Nho,
Abdelhamed et al. 2017, Abdelhamed, Lawrence et al. 2018). Although survival data is
very important to evaluate the safety and efficacy of vaccines, pathological examination
utilizing histopathology, immunohistochemistry and ultrastructure may allow a better
explanation of the mechanisms of vaccine safety and efficacy (Deshmukh, Kania et al.
2013). This safety may be attributable to the genetic modifications which induce
attenuation and reduce undesirable effects in the tissue in which the vaccine strains
multiply and survive (Frey 2007).
To assess the distribution and persistence of bacteria, tissue persistence methods
and IHC were used. The data showed that EiΔevpB and ESC-NDKL1 strains persisted in
the fry to 11 dpv and 16 dpv, respectively, and then cleared; however, the WT strain
persisted for 7 days with increasing bacterial concentration. This explains why all fish
were dead by this day in the WT group and no fish were dead in the vaccinated groups up
to 21 days. Immunohistochemistry confirms these data; Aquavac-ESC, EiΔevpB, and
ESC-NDKL1 strains were detected in the pronephros, mesonephros and spleen in small
numbers and then eliminated by 3dpv, 7dpv and 14dpv respectively. These data showed
the ability of our constructed vaccine to persist in small numbers, indicating that EiΔevpB
and ESC-NDKL1 have limited infectivity. These data were similar to other papers that
reported tissue persistence of mutant bacterial strains compared to WT (Lawrence,
Cooper et al. 1997, Lawrence and Banes 2005, Dahal, Abdelhamed et al. 2014).
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Finally, to assess the vaccine efficacy in reducing the bacterial replication and
pathological effect after lethal challenge with WT, pathological evaluation, ultrastructural
study of the cell ability to uptake and kill bacteria, and immunohistochemistry to detect
bacterial expression in the tissue were done. The results revealed that there was a
significant difference between the sham-vaccinated group versus vaccinated groups with
EiΔevpB and ESC-NDKL1. However, there was no significant difference with AquavacESC. The least pathological lesions were detected in the group vaccinated with ESCNDKL1, and the highest pathological lesions were seen in the group vaccinated with the
commercial vaccine. This may be attributed to the long persistence of ESC-NDKL1 in
the tissue during the immunization period compared to others and the genetic
modification of each vaccine (Frey 2007, Dahal, Abdelhamed et al. 2014). Various
previous works have confirmed that the more bacterial persistence, the stronger the
immunity and, thus, the less the adverse pathologic changes (Deshmukh, Kania et al.
2013).
Additionally, ultrastructural examination gave insight into the mechanisms of
protection. Cellular ability for bacterial killing was higher in vaccinated fish compared to
non-vaccinated fish. Many bacteria were detected within the macrophage phagosomes in
the WT group, along with escape from the phagosome, replication in the cytoplasm,
severe cell damage and death. However, in the vaccinated fish, bacterial escape from
phagosomes was uncommon and increased bacterial killing was typical. This finding is in
agreement with previous studies on the phagocytic capability of macrophages exposed to
E. ictaluri and LAVs in catfish (Ainsworth and Dexiang 1990, Booth, Elkamel et al.
2006, Kordon, Abdelhamed et al. 2018). However other cells, such as B cells, were seen
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to engulf pathogens in the EiΔevpB and ESC-NDKL1 vaccinated groups. To the authors’
knowledge, this is the first report of B cell phagocytosis of bacteria in catfish, which has
been found in zebrafish and rainbow trout (Oriol Sunyer 2012, Zhang, Wang et al. 2017).
Additionally, we report the presence of Birbeck-like granules, a characteristic of dendritic
cells, in the spleen in all vaccinated groups. These observations indicate a role for
dendritic cells in the internalization of antigen and presentation, as in mammals (De
Witte, Nabatov et al. 2007). Also, the epithelial cells of renal tubules showed the ability
to phagocytose with subsequent necrosis and desquamation of renal tubular epithelium in
WT and the vaccinated group with Aquavac-ESC. This reflects why the group vaccinated
with the commercial vaccine had no significant difference in the pathological lesions
compared to the group exposed to WT. These data collectively confirmed that the
vaccinated group especially with EiΔevpB and ESC-NDKL1 increased the protective
immunity against E. ictaluri which is mediated by the cellular immune response. This
was reported previously by (Shoemaker and Klesius 1997, Ellis 1999).
In the group vaccinated with ESC-NDKL1, immunohistochemistry revealed
decreased bacterial replication following the challenge with WT with few bacterial
numbers which were cleared by 7dpi. By day 14 post challenge, the evidence of bacterial
killing was observed in pronephros, mesonephros and spleen of EiΔevpB and AquavacESC. However, intact bacteria were observed in the brain of vaccinated groups with
EiΔevpB and Aquavac-ESC with no detectable bacteria in the brain of ESC-NDKL1.
These data indicate that ESC-NDKL1 is more protective than EiΔevpB as it reduces the
bacterial proliferation, increases the cellular ability to phagocytize and kill bacteria and,
finally, reduces the pathological lesions and, thus, the clinical disease occurrence. The
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disease prevalence data confirmed this reduction in which approximately 20%, 28% and
57% of fish had the disease in ESC-NDKL1, EiΔevpB, and Aquavac-ESC, respectively.
Taken together, our results demonstrate that our vaccine candidates are highly
attenuated and safe in catfish fry and increase the immunity after challenge with WT
compared to the commercial vaccine, Aquavac-ESC. This vaccine efficacy was
associated with increased cellular ability to uptake and kill the bacteria and, thus, reduce
the pathological changes.
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CHAPTER V
NEW CONSTRUCTED LIVE ATTENUATED E. ICTALURI VACCINES EVOKE
EFFECTIVE IMMUNOPROTECTION AGAINST EDWARDSIELLA ICTALURI
Abstract
Although vaccination is the best method to control many bacterial diseases, little
is known about the mechanisms involved in immune stimulation and protection afforded
by live attenuated vaccines (LAVs). In this study, the protective mechanism of two live
attenuated E. ictaluri vaccines was investigated in catfish fry. After immersion
vaccination with LAVs, catfish fry were challenged with the wild type (WT) E. ictaluri.
Expression analysis of various immune-relevant genes (TLR5, TLR4, IL-1β, IL-8, TNFα, IFN-γ, MHCI, MHCII, CD4-1, CD4-2, CD8 α, CD8 β and IgM) were evaluated at
different time points during 6-week vaccination and challenge. During vaccination phase,
toll like receptor 5 (TLR-5) was more upregulated than TLR4. Proinflammatory
cytokines especially IL-1β, IL8, MHCI, MHCII, CD4 and CD8 were also upregulated in
vaccinated groups with EiΔevpB and ESC-NDKL1, moreso than with Aquavac-ESC at
day 5 pv. IgM was markedly upregulated in the ESC-NDKL1 vaccinated group, more
than with EiΔevpB. All these molecules were significantly increased in WT exposed
group, higher than in vaccinated groups, especially with EiΔevpB and Aquavac-ESC at
day 5 post exposure. During challenge phase with WT, early induction of MHCII and
MHCI, together with CD4 and CD8 were detected in all vaccinated groups. However, the
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expression level of all immune molecules was reduced over time, except for CD4-1 and
IgM, which continued to be significantly upregulated in all vaccine groups by day 14 for
CD4-1. These results together suggest that LAVs evoke strong protection through
induction of a combination of innate, cellular and humoral immune responses against E.
ictaluri infection.
Introduction
Vaccination is one of the most important methods of protection against infectious
disease. Many commercial vaccines are available in aquaculture species against
Edwardsiella ictaluri, Vibrio, Yersinia and Aeromonas salmonicida. Although the
vaccines induce long-lived immunity, little is known about the molecular mechanism that
the live attenuated ESC vaccines (LAVs) use to induce protection in fish.
The vaccine efficacy should not depend on the protection level only but also the
immune response elicited to target antigen (Hastings 1988).
Edwardsiella ictaluri is one of the most important pathogens in farmed catfish,
and is the etiologic agent of enteric septicemia of channel catfish (ESC), a disease
causing high economic losses in the catfish industry. To control disease, antimicrobialmedicated feeds are one of the methods used. However, the widespread use of antibiotics
has led to antibiotic resistance (Nikaido 2009). Thus, LAVs have been developed (Wise,
Klesius et al. 2000).
Many researchers have studied protective immunity in channel catfish infected
with E. ictaluri. Responses tend to be cellular, followed by the humoral response
(Shoemaker, Klesius et al. 1997). As the bacteria replicate intracellularly, the cellular
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immune response is considered the major arm of immunity combating this pathogen
(Steele-Mortimer, St-Louis et al. 2000). However, the details of protective immunity
elicited by LAVs against E. ictaluri remain unknown. Our lab constructed two LAVs
(EiΔevpB and ESC-NDKL1) and we sought to study the mechanism by which these two
vaccines provide protection.
To understand the molecular protection evolved by LAVs against ESC, the
expression of many immune-related genes was studied during immunization and after
WT challenge, compared to WT infected and control fish.
Materials and Methods
Fish
Two thousand specific pathogen free (SPF) channel catfish fry were obtained
from the laboratory at the Mississippi State University College of Veterinary Medicine.
All of the fish were used according to Mississippi State Animal Care and Use Committee.
The fish were transferred to a 40 L tank supplied with dechlorinated water. They were
acclimatized for three days prior the experiment and fed twice a day with a commercially
produced food. Water temperature was maintained at 27±1 C.
Challenge procedure and tissue sampling
To investigate the expression level of multiple genes related to immune response
of fish after vaccination, 2000 SPF channel catfish fry approximately two-weeks-old
were divided into five groups with one replicate: WT group, three vaccine groups
(EiΔevpB, ESC-NDKL1 and Aquavac-ESC), and control negative group (BHI). The fish
were experimentally challenged by immersion with BHI, WT and LAVs (Aquavac-ESC,
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EiΔevpB and ESC-NDKL1) by lowering tank water levels to 10L, adding 100 ml of
bacterial suspension containing approximately 5.63x107 colony forming units (CFU) per
liter for 1 h. Water flow was returned to normal, and the infection was observed for 28
days. After this, fish were challenged with WT and followed for 21 days. During the
challenge phase, the vaccinated and sham-vaccinated groups were exposed to WT E.
ictaluri strain. Three catfish fry were anesthetized with tricaine methanesulfonate (MS222) at approximately 100 mg/l. These fish were sampled at different times including 6h,
1d, 5d, 7d, and 14d for the vaccination periods and 1d, 7d and 14d for the challenge
period. The three fish were preserved in RNAlater Stabilization Solution (Invitrogen) and
stored at –80 C for QPCR analysis.
Total RNA isolation and cDNA synthesis
Prior to RNA extraction, samples were removed from – 80°C and the fish were
chopped using a sharp blade. Total RNA was extracted from each fish tissue per each
time point using 50 Preps FastRNA™ SPIN RNA Isolation Kit (MPbioMedicals, LLC,
and France) following the manufacturer’s instructions. The total RNA was incubated with
RNase- free DNase 1 at room temperature for 30 min to eliminate contaminated genomic
DNA, and then eluted in 50 μL EDTA. The quantity and quality of total RNA for each
tube were analyzed using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).
15 μL were pooled from each tube per each time point. The pooled RNA was used for
cDNA synthesis using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo
Scientific) according to the manufacturer’s directions. The cDNA product was diluted 50
times with sterilized DNase free water and used as a template for RT-qPCR.
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Real-time RT-PCR analysis
The gene-specific primers were designed using Primer 3 software and are listed in
Table. 1. The internal control gene (18S rRNA) was used as internal reference. Real-time
RT-PCR was performed using a FastStart Universal SYBER Green Master (ROX)
(Roche Diagnostic GmbH, Mannheim, Germany). Real-time RT-PCR was carried out in
a 20-μL reaction volume containing 10 μL of SYBR Green Real-time PCR Master Mix, 5
μL of cDNA template, 0.6 μL of each primer (10μM), and 3.8μL of water. Real-time RTPCR was conducted at 95 C for 10min, then 40 cycles at 95 C for 1 m, 55 C for 30s, and
72 C for 1 m. DNA melting curve ensured that the desired amplicon was detected and
that no secondary products were amplified. The samples were run in triplicate. The
relative transcriptional levels of different genes were determined by subtracting the cycle
threshold (Ct) of the sample by that of the 18S rRNA, the internal control, as per the
formula: ΔCt=Ct (sample) −Ct (calibrator). The relative transcriptional level of a specific
gene in the vaccinated and infected groups compared to that in the negative control was
calculated by the 2−△△Ct method (Livak and Schmittgen 2001) where
ΔΔCt=ΔCt(vaccinated and infected)−ΔCt.
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Table 4

List of immune-related genes and the primers used for RT-PCR.

Statistical analysis
Data were analyzed by analysis of variance (ANOVA) using SigmaStat statistical
analysis software 9.4 (SAS Institute, Inc., Cary, NC). The PROC MIXED methods were
performed to study the interaction between and within groups with TUKEY adjust
option. The result was considered significant if P> 0.05.
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Results
To investigate the molecular and immunological mechanisms of catfish
vaccinated with Aquavac-ESC, EiΔevpB, and ESC-NDKL1 compared to WT and control
groups, expression profiles of several immune-related genes were analyzed.
Expression of antigen recognition and proinflammatory cytokines (innate immunerelated genes)
Multiple immune genes related to the early innate immune response were
investigated in catfish fry vaccinated with LAVs compared to control group. In this
experiment, the expression of TLR4, 5, IL-1β, IL8, and TNF-α were studied. The results
showed that for TLR-4 there was no significant difference and overall downregulation in
the vaccinated groups over the course of immunization (Fig. 54). However, TLR-5 was
significantly increased by 43-fold and 47-fold in the ESC-NDKL1 and WT groups,
respectively, at 5 days post vaccination. However, no significant difference was detected
in the Aquavac-ESC and EiΔevpB groups compared to the control BHI group (Fig. 55).
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Figure 54

Transcription levels of TLR-4 in catfish fry tissue after immersion exposure
to LAVs [EiΔevpB (Evp), ESC-NDKL1 (Trp) and Aquavac-ESC (Aqu), E.
ictaluri (WT) and BHI] at 6h, 1d, 5d, 7d and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3
fish/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Figure 55

Transcription levels of TLR-5 in catfish fry tissue after immersion exposure
to LAVs [EiΔevpB (Evp), ESC-NDKL1 (Trp) and Aquavac-ESC (Aqu), E.
ictaluri (WT) and BHI] at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Proinflammatory cytokines as IL-1β, IL8, and TNF-α had significant differences
between vaccinated groups compared to WT, especially by days 5 and 7 post exposure.
IL-1β was significantly upregulated in the WT group, 620-fold and 180-fold, at days 5
and 7 respectively. Slight upregulation in the EiΔevpB and ESC-NDKL1 groups, by 10fold and 35-fold, at 5dpv was noted and no change occurred in any vaccinated group by
day 7 dpv (Fig. 56).
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Figure 56

Transcription levels of pro-inflammatory cytokine (IL-1β) in catfish fry
tissue after immersion exposure to LAVs [EiΔevpB (Evp), ESC-NDKL1
(Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h, 1d, 5d, 7d,
and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The same picture was observed for IL8 in which the gene was significantly
upregulated by 67-fold and 159-fold in the ESC-NDKL1 and WT groups, respectively at
day 5 post-exposure. At day 7 post exposure, this gene was still significantly upregulated
in WT group by 40-fold compared to other groups. By day 14pi, IL8 showed significant
induction (58-fold) with ESC-NDKL1 vaccination (Fig. 57).
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Figure 57

Transcription levels of pro-inflammatory cytokine (IL-8) in catfish fry tissue
after immersion exposure to LAVs [EiΔevpB (Evp), ESC-NDKL1 (Trp) and
Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The expression of TNF-α had early significant upregulation in the EiΔevpB (4.47fold) and ESC-NDKL1 (2.88-fold) groups at 6hpv compared to WT and BHI control
groups. By day 5 post exposure, this gene was downregulated in the vaccinated groups
but was significantly upregulated in the WT group, 5.5-fold, with continuous
upregulation in vaccinated and WT groups until day 14 days post-exposure (Fig. 58).
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Figure 58

Transcription levels of pro-inflammatory cytokine (TNF-α) in catfish fry
tissue after immersion exposure to LAVs [EiΔevpB (Evp), ESC-NDKL1
(Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h, 1d, 5d, 7d,
and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Expression of antigen processing and presentation (adaptive cell-mediated immunerelated genes)
To understand the mechanisms of antigen processing and presentation, the
expression level of IFN-γ, MHCI, MHCII, CD4-1, CD4-2, CD8 α and CD8 β were
evaluated. The results revealed that the transcriptional level of IFN-γ was upregulated
over the course of vaccination. Before WT challenge, the transcriptional level of IFN-γ
was upregulated in the group vaccinated with EiΔevpB (14.38-fold), ESC-NDKL1 (1.78155

fold) and Aquavac-ESC (2.66-fold) in addition to WT group (9.56-fold). By day 1, the
upregulation was still seen in the vaccinated group with EiΔevpB (6.2 fold) and AquavacESC (6.01-fold). Significant upregulation was observed in WT group (490.5-fold)
compared to the EiΔevpB (28.8-fold), ESC-NDKL1 (55.9-fold) and Aquavac-ESC (2.35fold) groups at day 5 post exposure. By days 7 and 14 post exposure, no significant
difference was observed between the groups. However, the WT group still had an
obvious upregulation by 30.09-fold at 7dpi (Fig. 59).

Figure 59

Transcription levels of cellular adaptive immune-related genes (INF-γ) in
catfish fry tissue after immersion exposure to LAVs [EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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The transcription level of MHC-I showed slight upregulation in all groups
compared to control group at 6 hours and 1-day post exposure. A significant increase in
the expression was observed in the ESC-NDKL1 (17.35-fold) and WT (10.78-fold)
groups at day 5 post exposure. This significant increase was still noted in the WT group
by 4.35-fold at day 7 post exposure. By day 14 post exposure, expression was higher in
the ESC-NDKL1 group and downregulated in the EiΔevpB group (Fig.60).

Figure 60

Transcription levels of cellular adaptive immune-related genes (MHC-I) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d and 14d

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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The transcriptional level of MHC-II showed significant upregulation over the
course of the experiment. The WT group showed significant expression (4.32-fold) at 6
hours; however, downregulation of this gene was noted in the vaccinated groups. By day
1 post exposure, the gene was downregulated in all groups except the Aquavac-ESC
group (2.14-fold). At day 5 post exposure, a significant increase in the expression was
detected in the WT group and BHI group by 9.75 and 8.08-fold, respectively. However,
at the same time upregulation of the gene was observed in the EiΔevpB (4.54-fold) and
ESC-NDKL1 (4.28-fold) groups, with downregulation in the Aquavac-ESC group. At
day 7 post exposure, a significant increase was seen in the Aquavac-ESC (2.16-fold) and
WT groups (1.71-fold) and downregulation in the other groups. This downregulation was
continuous in all groups until 14-day post exposure (Fig. 61).
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Figure 61

Transcription levels of cellular adaptive immune-related genes (MHC-II) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d and 14d.

Transcription level represents the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The expression of CD4-1 and CD4-2 was also analyzed. The results revealed that
there was no significant difference among groups for the expression of these two genes
except by day 5 post-exposure for CD4-1. The same upregulation was noted for both
genes at 6h with higher expression in groups vaccinated with EiΔevpB (11.28-fold) and
Aquavac-ESC (10.22). At day 1 post exposure, the expression level was increased in all
groups except the EiΔevpB group (downregulated). However, a a mild increase of CD4-2
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was noted in all groups except EiΔevpB (2.08-fold) and Aquavac-ESC (3.39-fold). By
day 5 post exposure, a significant increase was recorded in the EiΔevpB (231.98-fold),
WT (337.94-fold), and the control groups (236.01-fold) for CD4-1. However, a slight
change of CD4-2 expression was still seen for all groups except EiΔevpB (2.55-fold) and
WT group (3.79-fold). At day 7 post exposure, the expression level of CD4-1 was
decreased but still upregulated in all groups without significant difference between them.
The expression level of CD4-2 was slightly increased in all groups, with the highest level
in the WT group (7.33-fold). The expression level of these two genes were increased in
ESC-NDKL1 and Aquavac-ESC for CD4-1 and marked increase in Aquavac and BHI for
CD4-2 at day 14 post-exposure (Fig. 62, 63).
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Figure 62

Transcription levels of cellular adaptive immune-related genes (CD4-1) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Figure 63

Transcription levels of cellular adaptive immune-related genes (CD4-2) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Finally, we analyzed CD8 α and β and the data revealed that both genes were
downregulated at most time points with no significant difference among groups except at
day 5 post exposure. At 6-hour post exposure, slight upregulation of CD8 α was recorded
in EiΔevpB (1.19-fold) and Aquavac-ESC (3.11-fold) groups with the highest level in the
WT group (4.81-fold). However, a slight upregulation of CD8 β was seen only in ESC162

NDKL1 (1.41-fold) and Aquavac-ESC (1.34-fold) groups. After this time, both genes
were downregulated beginning at day 1 post exposure. By day 5 post exposure, a
significant increase of CD8 α was noted in EiΔevpB (10.37-fold), WT (15.11-fold) and
control groups (10.55-fold). However, significant downregulation of CD8 β was recorded
in the Aquavac- ESC group with a slight upregulation in the EiΔevpB (2.91-fold) and WT
groups (1.88-fold) compared to the control (6.29-fold). At 7 days post exposure,
downregulation of both genes was noted in all groups. By day 14 post exposure, the
downregulation of both continued in all group except for ESC-NDKL1 (3.67-fold) and
Aquavac-ESC (3.19-fold) for CD8 α, and ESC-NDKL1 (2.11-fold) for CD8 β (Fig. 64
and 65).

Figure 64

Transcription levels of cellular adaptive immune-related genes (CD8 α) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Figure 65

Transcription levels of cellular adaptive immune-related genes (CD8-β) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Expression of adaptive humoral immune-related genes
To understand the humoral immune response following vaccination and infection,
IgM expression level was evaluated. At 6 hours post exposure, upregulation of IgM was
noted in all groups compared to control group with 3.40, 3.51, 8.65 and 26.06-fold
increase in EiΔevpB, ESC-NDKL1, Aquavac-ESC and WT groups respectively. This
upregulation continued at day 1 post exposure with higher upregulation in Aquavac-ESC;
however, a slight change was recorded for the other groups. The significant increase was
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recorded at day 5 post exposure, with higher expression in EiΔevpB (165.82-fold) and
WT (136.06-fold), and the highest level in ESC-NDKL1 (762.52-fold). This significant
upregulation diminished markedly at day 7 post-exposure; however, the antibody titer
remained upregulated in all groups especially, WT (37.16-fold), EiΔevpB (22.27-fold)
and ESC-NDKL1 (11.38-fold). IgM level remained higher in all groups, especially ESCNDKL1 (50.15- fold) at day 14 post-exposure (Fig. 66).

Figure 66

Transcription levels of humoral adaptive immune-related genes (IgM) in
catfish fry tissue after immersion exposure to LAVs [(EiΔevpB (Evp), ESCNDKL1 (Trp) and Aquavac-ESC (Aqu)), E. ictaluri (WT) and BHI] at 6h,
1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Expression of immune-related genes during challenge with WT
To understand the protection mechanisms elicited by LAVs, the expression of the
same genes recorded following vaccination were also evaluated at day 1, 7 and 14 post
exposure. Similar to the observation showed in the vaccination phase, TLR4 showed a
slight upregulation in vaccinated groups at 1d post challenge with downregulation in
sham-vaccinated group. This followed a significant difference in the expression level
between control group (11.38-fold) and other groups at 7d post challenge. By day 14
post-challenge, complete downregulation was detected in all groups (Fig. 67).

Figure 67

Transcription levels of TLRs (TLR-4) in catfish fry tissue challenged with E.
ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Compared to TLR-4, TLR-5 expression level was significantly increased at an
early stage (1-day post challenge) with highest level in the EiΔevpB group (618.16-fold)
followed by 161.43-fold in ESC-NDKL1 and 156.45-fold in Aquavac-ESC. The
expression level was decreased but remained upregulated at day 7 with 42.38-fold in the
BHI sham-vaccinated, 15.23-fold in Aquavac-ESC, and 5.48-fold in EiΔevpB groups.
Toward day 14 post-challenge, the expression level was increased in the EiΔevpB group
(13.25-fold) and decreased in sham-vaccinated group (8.79-fold) (Fig. 68).

Figure 68

Transcription levels of TLRs (TLR-4) in catfish fry tissue challenged with E.
ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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By evaluating the proinflammatory cytokine expression level, IL-1β and IL8 had
an obviously higher level than TNF-α. In the case of IL-1β, there was significant
upregulation in all vaccinated groups (227.13 for EiΔevpB group, 188.77 for ESCNDKL1 and 188.13-fold for Aquavac-ESC) compared to sham-infected (34.72-fold) and
control group (1.16-fold) at day 1 post challenge. Toward day 7 post exposure, the
expression level was decreased with significantly lower expression in the EiΔevpB (8.69fold) and ESC-NDKL1 (8.96-fold) groups compared to Aquavac-ESC (74.46-fold) and
sham-vaccinated group (58.26-fold). By day 14 post-challenge, no significant difference
was noted between the groups, with higher upregulation in the EiΔevpB group (45.89fold) compared to other groups (21.64-fold in sham-vaccinated group, 15.61-fold in
Aquavac-ESC, 8.76-fold in ESC-NDKL1 and 5.90-fold in control group (Fig. 69).
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Figure 69

Transcription levels of pro-inflammatory cytokine (IL-1β) in catfish fry
tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
A significant increase in IL8 was also observed in the vaccinated group with
EiΔevpB group (80.67-fold) compared to ESC-NDKL1 (45.63-fold), Aquavac-ESC
(20.22) and sham-vaccinated group (22.34-fold) at day 1 post challenge. Toward day 7
post-challenge, significant upregulation was noted in the Aquavac-ESC and ESC-NDKL1
groups by 137.58 and 101.65-fold, respectively, compared with EiΔevpB (29.24-fold),
sham-vaccination (39.45-fold) and control groups (3.54-fold). By day 14 post exposure,
the expression level was lower than at 7d but remained significantly upregulated in
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EiΔevpB group (47.66-fold), Aquavac-ESC (32.98-fold) and sham-vaccinated groups
(35.41-fold) compared to ESC-NDKL1 (0.28-fold) and control groups (0.98 -fold) (Fig.
70).

Figure 70

Transcription levels of pro-inflammatory cytokine (IL-8) in catfish fry tissue
challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Although TNF-α was upregulated with a significant difference at day 1 post
exposure, the expression level was lower than that of other proinflammatory cytokines,
similar to previous observations following immersion vaccination. Significant
upregulation was detected in Aquavac-ESC (9.86-fold), ESC-NDKL1 (6.83-fold) and
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sham-vaccinated groups (5.60-fold) compared to EiΔevpB (1.94-fold) and control groups
(1.16). This upregulation was followed by downregulation in all groups except the shamvaccinated group (2.81-fold). By day 14 post-challenge, the expression of TNF-α in all
groups were significantly lower than the control (16.76-fold) (Fig. 71).

Figure 71

Transcription levels of pro-inflammatory cytokine (TNF-α) in catfish fry
tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The expression level of genes involved in antigen processing was upregulated
before challenge. MHC-I and MHC-II showed significant upregulation in the vaccinated
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groups with LAVs compared to sham-vaccinated and control groups. The expression
level of MHC-II was higher than MHCI at day 1 post challenge. Toward day 7, MHC-I
expression level was higher than MHC-II with significant MHC-I upregulation in ESCNDKL1 (30.23-fold) and EiΔevpB groups (20.46-fold) compared to Aquavac-ESC,
sham-vaccinated, and control groups. However, no significant MHC-II expression was
detected among the groups, with higher levels in ESC-NDKL1 (10.94-fold) and EiΔevpB
groups (8.15-fold) compared Aquavac-ESC (5.82-fold). By 14 days, both genes remained
upregulated with significantly more MHC-I upregulation than MHC-II, especially in
EiΔevpB (47.88-fold) compared to other groups (Fig.72, 73).

Figure 72

Transcription levels of antigen processing and presentation (MHC-I) in
catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Figure 73

Transcription levels of antigen processing and presentation (MHC-II) in
catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The expression of numerous genes relevant to adaptive cell-mediated immunity
were evaluated, including IFN-γ and CD molecules. The expression levels of IFN-γ was
significantly upregulated in the vaccinated groups compared to sham-vaccinated and WT
at day 1 post challenge. In the case of I IFN-γ higher upregulation was seen in the ESCNDKL1 (11.07-fold) and Aquavac-ESC (10.21-fold) groups, with the highest levels in
the EiΔevpB group (18.94-fold). This significant upregulation was followed by slight
changes and down-regulation which were seen in ESC-NDKL1 (0.64-fold), and
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Aquavac-ESC (0.68-fold) groups, and slight upregulation in the EiΔevpB (1.37-fold) and
sham-vaccinated groups (1.48-fold) in comparison to control group (6.30-fold) by day 14
post-challenge (Fig. 74).

Figure 74

Transcription levels of antigen processing and presentation (IFN-γ) in
catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The expression level of CD4-1 was higher than CD4-2. The expression of CD4-1
in LAVs was significantly lower than the sham-vaccinated group (25.5-fold), especially
for ESC-NDKL1 (1.16-fold) at day 1 post challenge. However, the expression level for
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CD4-2 was significantly increased in ESC-NDKL1 (9.72-fold), EiΔevpB (7.11-fold) and
Aquavac-ESC (7.10-fold) compared to sham-vaccinated (1.42-fold) and control groups
(1.01-fold). At day 7 post challenge, the expression level of CD4-1 and CD4-2 was
decreased without significant differences among groups. By day 14 post-challenge, CD41 was significantly increased in all groups except EiΔevpB (0.69-fold) with higher
expression in sham-vaccinated (24.41-fold) and ESC-NDKL1 (19.75-fold) groups and
highest expression in Aquavac-ESC (39.55-fold) and control groups (37.31-fold).
However, downregulation of CD4-2 was seen in all groups except EiΔevpB (2.00-fold)
and the control group (1.20-fold) (Fig. 75 and 76).
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Figure 75

Transcription levels of adaptive cell-mediated immune-related gene (CD4-1)
in catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Figure 76

Transcription levels of adaptive cell-mediated immune-related gene (CD4-2)
in catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
The expression level of CD8 α and β was significantly upregulated at day 1 post
challenge. There was significant CD8 α upregulation in ESC-NDKL1, EiΔevpB, and
Aquavac-ESC by 29.41-fold, 11.01-fold and 8.92-fold, respectively. The same picture
was seen for CD8 β with higher expression level than CD8 α by 62.92, 38.25 and 13.28fold in ESC-NDKL1, EiΔevpB, and Aquavac-ESC, respectively. The expression of both
genes showed no significant difference among groups; however, the higher level was
seen in ESC-NDKL1 with 10.79 for CD8 β and 4.61 for CD8 α. By day 14, a slight
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upregulation of both genes was detected except in the sham-vaccinated group (0.57-fold)
for CD8 α, and in the ESC-NDKL1 (0.99-fold) group for CD8 β (Fig. 77 and 78).

Figure 77

Transcription levels of adaptive cell-mediated immune-related gene (CD8 α)
in catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
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Figure 78

Transcription levels of adaptive cell-mediated immune-related gene (CD8 β)
in catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Humoral immune-related genes such as IgM were evaluated after challenge. Early
significant upregulation in ESC-NDKL1 (102.65-fold), Aquavac-ESC (68.16-fold) and
EiΔevpB (38.63-fold) was detected in comparison to sham-vaccinated (2.06-fold) and
control groups (1.02-fold). The expression level was lower toward day 14 post challenge
but remained significantly increased especially in Aquavac-ESC (59.66-fold) at day 7
post-challenge and in the sham-vaccinated group (74.02-fold) at day 14 post-challenge
(Fig.79).
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Figure 79

Transcription levels of humoral cell-mediated immune-related gene (IgM) in
catfish fry tissue challenged with E. ictaluri at 6h, 1d, 5d, 7d, and 14d.

Transcription levels represent the average of three technical replicates (one pool, 3 fish
/pool). Error bar indicates standard deviation. The different letters represent the
significant difference between different groups at each time point (p <0.05).
Discussion
To understand the molecular mechanism of vaccine protection, various immune
molecules related to innate and adaptive immune response were evaluated following
vaccination and after WT challenge. Many genes associated with innate immunity were
upregulated in catfish fry vaccinated with three different vaccines (one commercial
vaccine and our two constructed vaccines). Toll-like receptors (TLRs) are one of the key
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components of innate immunity, and are involved in recognizing pathogens. Among
several types of TLRs, TLR4 and TLR5 are involved in recognizing bacterial
lipopolysaccharide and flagellin, respectively. After binding of such molecules to the
TLR, the Myeloid Differentiation primary response gene 88 (MyD88)-dependent
signaling pathway activates Nuclear Factor-κB (NF-κB), inducing pro-inflammatory
cytokine production (Yoon, Kurnasov et al. 2012). In this study, we record that TLR5
was significantly increased at day 5 especially in WT and ESC-NDKL1 exposed group
following immersion, at an early stage following challenge. However, TLR4 had only
slight upregulation during vaccination and following challenge. This data supports the
idea that flagellin is the perhaps most antigenically reactive ligand to catfish TLR5, for
WT or LAVs. The marked upregulation at day 5 post vaccination coincides with the
bacterial invasion of tissues mentioned in the previous pathological analysis. Recognition
plays a significant role in induction and bridging of the innate and adaptive immune
responses. This result is similar to previous studies in zebrafish (Yang, Liu et al. 2013),
Indian major carp (Basu, Swain et al. 2012) and goldfish (Tu, Liu et al. 2016).
Following flagellin recognition, proinflammatory cytokines were significantly
secreted, especially in WT group and the ESC-NDKL1 and EiΔevpB by day 5 postexposure. This finding correlates with our previous results where, at day 5 post-exposure,
abundant necrosis and inflammationwere seen in WT infection, and moderate
inflammation was seen in the ESC-NDKL1. The marked upregulation in the expression
levels of IL-1β and IL8, more so than TNF-α, in the WT group compared to the
vaccinated group at day 5 suggests that IL-1β and IL8 could play a more significant role
181

than TNF-α. The activation of these cytokines is likely related to the high bacterial
burden in WT group at this time. However, the cytokine levels showed significant
increase in the ESC-NDKL1, even though the LAV burden is less. This finding suggests
that the cytokine expression did not depend strictly only on numbers of bacteria, but also
on the degree of necrosis or inflammation.
During challenge, upregulation of IL-1β and IL8 at all time points in all
vaccinated groups were recorded. The higher expression level of IL-1β and IL8 than
TNF-α, especially at 1-day post-challenge, in the vaccinated group indicate activation of
an immune response in the vaccinated group. This cytokine expression level was later
decreased which may reflect a decrease in the bacterial burden or diminished
inflammation. Our results are similar to previous work that reported increased expression
of proinflammatory cytokines at early time points of challenge, followed by decreases
expression at later time points (Rojo, de Ilárduya et al. 2007, Basu, Swain et al. 2012,
Zhang, Wu et al. 2012, Dash, Yadav et al. 2017).
LAVs are effective against intracellular bacteria as these vaccines elicit cellmediated immunity against intracellular pathogens such as E. ictaluri, E. tarda and
Aeromonas salmonicida (Moral, del Castillo et al. 1998, Klesius and Shoemaker 1999,
Igarashi and Iida 2002). As in mammals, cell-mediated immunity plays an important role
in protection against intracellular pathogens in fish (Yamasaki, Araki et al. 2014). INF-γ
is a major effector cytokine involved in induction of type I immune responses. It plays a
key role in innate and adaptive immunity. In mammals, it is produced by CD4 and CD8 T
lymphocytes, innate lymphocytes, B lymphocytes and antigen presenting cells (Boehm,
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Klamp et al. 1997). As in mammals, this gene is similar in fish and plays a role in
macrophage activation, antigen presentation and leukocyte trafficking (Zou and
Secombes 2011, Pijanowski, Scheer et al. 2015). In the present study, INF-γ was
upregulated in ESC-NDKL1 and EiΔevpB exposed fish by day 5 post vaccination.
However, this upregulation was significantly lower than the WT group which is
attributed to numerous inflammatory cells (macrophages) that secrete large amounts of
INF-γ. During challenge, the expression of this gene was upregulated early by day 1 postchallenge in all vaccinated groups followed by lowered expression at later time points.
This early upregulation reflects early induction of CD4 and CD8 cells and reflects that
LAVs induce immune resistance after exposure to WT.
The mechanism of antigen processing and presentation by MHC-I and MHC-II
have been studied, MHC-I presents intracellular antigenic peptide to CD8 T cells.
However, the extracellular antigenic peptides are presented by CD4 lymphocytes through
MHC-II (Morrison, Lukacher et al. 1986, Neefjes, Jongsma et al. 2011). In the present
study, the expression level of cell-mediated immune-related genes such as antigen
processing and presenting genes (MHC-I, MHC-II) was significantly upregulated in the
WT group and vaccinated groups, especially ESC-NDKL1, at 5 days post-exposure
suggesting that cross-presentation could occur. The upregulation of MHC-I and MHC-II,
together with CD4 and CD8, increases the protection after the second exposure to WT. At
the early stage of WT challenge, both genes were upregulated. Higher MHC-II
expression occurred in groups vaccinated with EiΔevpB, ESC-NDKL1 and Aquavac-ESC
at this early stage. However, at later time points MHC-I was more upregulated. The
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upregulation of both MHC-I and MHC-II after challenge suggests that both MHC-I and
MHC-II pathways of antigen processing and presentation are activated in vaccinated
catfish fry.
The early expression of both genes (MHC-I and MHC-II) reflects the early
expression of CD4 and CD8 molecules in all vaccinated groups in comparison to shamvaccinated and control groups after challenge. The upregulation of CD4 and CD8 explain
why both MHC-I and MHC-II were upregulated either prior or after challenge. Later, the
expression level of both genes was gradually decreased, except CD4-1 was significantly
upregulated until day 14 post challenge as CD4 was a potent inducer to CD8 expression.
The expression of MHC-I, MHC-II and CD4 and CD8 were mentioned previously in
rohu, Labeo rohita following challenge with Aeromonas hydrophila (Gao, Wu et al.
2014, Dash, Yadav et al. 2017).
The expression of the humoral immune-related gene (IgM) was downregulation
before challenge. Significant levels were seen in ESC-NDKL1exposed fish, and higher
levels were in the EiΔevpB and WT groups by day 5 post-exposure. This indicates that B
cells were activated during the primary immune response in the vaccinated groups with
ESC-NDKL1 and EiΔevpB, and in the WT group. This B lymphocyte activation indicates
that IgM plays a role in the neutralization of the bacteria at the peak of disease and
reflects why a high survival rate was related to these two vaccine strains. During second
exposure to the bacteria, early significant upregulation of IgM was documented in ESCNDKL1, Aquavac-ESC and EiΔevpB. This significant upregulation was seen mainly in
Aquavac-ESC and sham WT group later which reflects the higher number of bacteria in
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these groups until late time points. Persistence of more numerous bacteria led to higher
IgM expression in order to neutralize the pathogen. This result was confirmed by
previous results, where higher bacterial burden and mortality were observed mainly in
Aquavac-ESC and sham WT group during the challenge period. IgM upregulation
supports the opinion that humoral mediated immunity could also be an arm of protection
for LAVs against the invading bacteria. Previous research has shown that LAVs could
induce both cellular and humoral immune responses (Zhang, Wu et al. 2012, Dash,
Yadav et al. 2017).
In conclusion, our constructed vaccines educate both the cell-mediated and
humoral immune system in the primary exposure, compared to the commercial vaccine
accounting for a higher level of protection in both vaccines, especially ESC-NDKL1
during the secondary immune response. Notably, LAVs induce strong innate, cellmediated (helper and cytotoxic), and humoral immune responses in catfish fry and evoke
strong protection against the bacteria, Edwardsiella ictaluri, during second challenge
exposure.
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CHAPTER VI
EFFECT OF LIVE ATTENUATED VACCINES ON PRONEPHROS
LYMPHOMYELOID PROLIFERATION
Abstract
The fish pronephros is essential to generate the appropriate and rapid immune response
against infection by adjusting changes in the leukocyte population. Edwardsiella ictaluri
is known to cause severe damage to the pronephros and LAVs are among the best ways
to control this pathogen. The effect of WT and LAVs on hematopoiesis remains
unknown. To investigate such potential effects, counting of the absolute leukocyte cell
number in the pronephros was performed in catfish fry at several time points during
vaccination and following challenge with WT. The pronephros in all groups was in a
steady state after day 1 post exposure with approximately an equal myeloid and lymphoid
(large to small cell) ratio. Significant depletion in the hematopoietic cell population in the
pronephros of WT infected fish was observed. In comparison, the vaccinated and control
groups had marked differentiation to large myeloid cells. No significant changes in the
hematopoietic population of the pronephros was seen except the in the group vaccinated
with ESC-NDKL1, which had an increase in myeloid cells at days 3 and 5. The
hematopoietic cell population returned to the normal range in WT by 14 days. After
challenge of vaccinated catfish fry, all vaccinated groups had immune-proliferation and a
shift to the myeloid population at all time points. This indicates a dramatic change in the
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steady-state hematopoietic cell population according to the change in environment.
Therefore, the host immune response was suppressed in the pronephros infected with
WT, while a slight change in the pronephros population occurred in the vaccinated fish.
Induction of lymphomyeloid proliferation occurred in vaccinated fish after exposure to
WT.
Introduction
Unlike mammals, fish lack bone marrow and lymph nodes; the kidneys and
spleen are the major lymphoid and hematopoietic organs. The pronephros, or head
kidney, is the main organ forming the blood elements (Willett, Cortes et al. 1999,
Rombout, Huttenhuis et al. 2005). These cells play a key role in providing immunity.
Hematopoiesis is a dynamic process and is modulated by infection (Abdel-Aziz, Abdu et
al. 2010).
In mammalian bone marrow, bacterial infection affects hematopoiesis by
increasing production of the myeloid lineage rather than erythroid and lymphoid (Ueda,
Kondo et al. 2005). In fish, many infectious agents have an effect on the myeloid and
lymphoid ratio in the pronephros. Studies in zebrafish have shown that microbial
infections stimulate production of large number of cells in response to different cytokines
to maintain homeostasis and fight microbial agents (Herbomel 2012). For example, E.
tarda causes immunosuppression via lymphocyte apoptosis in tilapia (Pirarat, Maita et al.
2007). Edwardsiella ictaluri is the etiologic agent of enteric septicemia of catfish (ESC),
an intracellular pathogen that evades macrophage phagolysosome development, leading
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to replication inside the cytoplasm, and severe damage of the pronephros (Booth,
Elkamel et al. 2006). Vaccination is the best preventive strategy to control ESC.
Multiple authors have reported the effect of infection and vaccination on
hematopoiesis in mammals and the role in inducing an immune response (Matatall, Jeong
et al. 2016, Palgen, Tchitchek et al. 2018). However, few papers focus on morphology of
hematopoietic organs in fish (Suljeviæ, Islamagić et al. 2016) and no papers show the
impact of infection and vaccination on hematopoiesis and how to judge vaccine efficacy
by examination of the myeloid and lymphoid populations. Thus, the effect of ESC
infection and vaccination on catfish hematopoiesis remains undocumented. This study
evaluated the effect of vaccination versus infection on pronephros cell populations.
Additionally, the evaluation of myeloid to lymphoid ratio and the modulation of
hematopoiesis was studied. Lastly, the correlation between bacteria number, infection
and the hematopoiesis cell population in catfish during infection and following
vaccination was evaluated.
Materials and methods
Vaccines and animals
The live vaccine was prepared as previously mentioned. Fish were obtained from
the SPF hatchery at the College of Veterinary Medicine, Mississippi State University.
The fry were 14 days old. The animal experiments were conducted by a protocol
approved by the Institutional Animal Care and Use Committee (IACUC) at Mississippi
State University. All the animals were raised in 40-L challenge tanks supplied with flow-
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through dechlorinated municipal water and fed two times per day. Water temperature was
maintained at 25°C throughout the experiments.
Immersion vaccination and challenge
14-day old specific pathogen free (SPF) catfish fry were randomly separated into
5 groups. The experimental groups were vaccinated with commercial a vaccine strain
(Aquavac-ESC) (n= 400), or strains from our lab: EiΔevpB (n= 400) and ESC-NDKL1
(n= 400) (one replicate per treatment). An infected control positive group were immersed
with E. ictaluri wild-type strain 93-146 (n= 400). A negative control group (n= 400) was
kept under an identical condition with a BHI broth exposure. All the fish in the
experimental groups were immersed in 10 L water containing 5.63x 107 CFU/ml for 1h,
with constant aeration. Subsequently, the fry were transferred back to their 40-l flowthrough tanks. All groups were followed for 28d after vaccination. After 28 days, all fish
groups were immersion challenged with WT E. ictaluri 93-146 in a manner similar to
that described above, and followed for 21 days. At 6h, 1, 2, 3, 4, 5, 6, 7, 14, 21, and 28
days post-infection (dpi), 3 fish were euthanized by an overdose of MS-222. The fish
were preserved in 10% neutral buffered formalin for light microscopy and IHC.
Histopathology and histomorphometry analysis
The fish were dehydrated through a serial alcohol gradient (70%, 80%, 90%,
95%, and 100%), cleared with xylene, and then embedded in paraffin. The blocks were
cut at 5 µm thickness with a microtome. The sections were stained with hematoxylin and
eosin (H&E) for histopathological examination. The stained slides were analyzed and
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photographed with an Olympus BX60 microscope (Olympus U-TV1 X) and Infinity
software.
To evaluate the immune stimulation versus suppression, a histomorphometry
technique was used. The number of myeloid and lymphoid cells were counted in the
H&E stained pronephros of three fish per each time using an eyepiece graticule (100
square, 1mm square index). Cells were counted in one row (10 square) per field in the
pronephros of three fish using 600x magnification. Ten random fields were analyzed per
fish per slide with a total area of 100 mm2. The number of myeloid and lymphoid
pronephros cells were calculated at different time points. The myeloid/lymphoid ratio
was evaluated over the experiment.
Immunohistochemistry (IHC)
The sections were immunostained by applying the polymeric Envision system
methods as previously mentioned in chapter 4. The sections were deparaffinized in an
oven (70–75°C) for 20 min. The sections were then rehydrated in xylene and graded
series of ethanol (100% and 70%) for 2 m in each. The antigens were retrieved using
retrieval solution 10x pH 9. Endogenous peroxidase activity was inactivated through
incubation with stock hydrogen peroxide for 30 m. To block non-specific antibody
binding, the slides were incubated in serum-free Dako Protein Block for 1h, and the
sections were rinsed with phosphate buffered saline (PBS). Then, the slides were
incubated for 1 h in a 1:500 dilution of mouse anti-ED9 monoclonal antibody ( positive
brown for E. ictaluri) (Ainsworth, Capley et al. 1986) in a humid chamber. Slides were
then rinsed in PBS before being incubated for another hour in secondary antibody (Stock
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DAKO Envision+ Dual link system) horseradish peroxidase (HRP) (Dako North
America, Inc, Carpinteria, USA). After incubating with the secondary antibody, slides
were rinsed with PBS followed by 10 min incubation in DAKO liquid DAB-HRP+
substrate chromogen system in an opaque humid chamber at room temperature and rinsed
with tap water. The sections were counterstained with hematoxylin for 5m (Lecia
Biosystem Richmond, Inc. USA), rinsed in distilled water, then washed in acid ammonia
water, dehydrated in ascending grade alcohol, then cleared by xylol and mounted on
coverslips. Finally, the slides were analyzed and photographed using Olympus BX60
microscope (Olympus U-TV1 X) and Infinity software. Another section was incubated
with PBS instead of primary antibody and used as negative control. The number of
bacteria and LAVs were counted in one row (10 square) from the eyepiece graticules
(100 square) in the pronephros. A correlation was calculated between the number of
myeloid and lymphoid cells and the number of bacteria counted in the pronephros section
to determine the relationship between immune stimulation and immune suppression.
Statistical analysis
The data were analyzed using SAS software. Two-way ANOVA using PROC
MIXED methods in addition to PROC CORR and PROC REG were performed to study
the correlation between the pronephros cell population and the invading bacteria number.
The result was considered significant if P value was lower than 0.05.
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Results
Vaccination and infection modulates pronephros myeloid and lymphoid cells during
vaccination phase
The initial investigation was to determine if LAVs were affected by myeloid and
lymphoid cell populations and whether there was a difference between effect of
vaccination versus infection on pronephros myeloid and lymphoid cell populations. To
perform this, the mean absolute number of myeloid and lymphoid cells from three fish
pronephros were measured for each group during vaccination at 1, 3, 5, 7, 14, 21 dpi and
pv. Overall, the myeloid cells were greater than lymphoid in vaccinated and unvaccinated
groups.
The analysis revealed a striking difference between vaccinated and WT groups in
myeloid and lymphoid cell populations over the vaccination and infection phase. The WT
infected group had a marked reduction in the pronephros myeloid and lymphoid cells
during the infection course in comparison to the vaccinated groups. The absolute myeloid
cells were not different among groups at day 1 post-exposure (P= 1.000). Toward day 3
post exposure, the absolute myeloid cells in WT exposed fish was significantly decreased
compared to the vaccinated group counterparts especially with Aquavac-ESC (p= 0.0017)
and ESC-NDKL1 (p = <.0001). Although the WT myeloid cells were lower than
vaccinated group with EiΔevpB and control, this reduction was not significant (p=0.5337
in EiΔevpB versus WT and p= 0.0566 in control versus WT). A marked significant
reduction in the pronephros myeloid population was seen in the WT group at day 5 and 7
post-exposure in comparison to vaccinated and control groups in which p-values were
0.0052, 0.0205, 0.0159, 0.0028 at day 5 post exposure and 0.0069, <.0001, <.0001 and
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0.0006 in day 7 post-exposure in EiΔevpB, ESC-NDKL1, Aquavac-ESC and control
versus WT, respectively. At day 5 post exposure, the number of myeloid cells in all
vaccinated groups was considered within normal range. No differences were observed
between vaccinated and control groups (p= 1.000). The same picture was evident at day 7
post-exposure, Although the absolute myeloid cell number in vaccinated with ESCNDKL1 and Aquavac-ESC group was higher than control, it was not significant (p=
0.9883 and 1.000). No difference was observed between vaccinated, WT and control
groups at day 14 and day 21 post exposure, although the myeloid numbers were lower in
vaccinated and WT groups. Within the WT group, there was no difference from day 1
until day 14. However, the ESC-NDKL1 vaccinated group showed a significant increase
in the absolute numbers of myeloid cells between day 1 compared to day 3 (p <.0001), 7
(p=0.0044). The number peaked at day 3 that significantly different from 5 (p= 0.0035),
14 (p= 0.0004) and 21 (p <.0001) dpv. The number was returned to normal level by day
14 and 21pv. Also, the vaccinated group with Aquavac-ESC had no significant difference
between day 1 versus 3, 5, 7 and 14 with the only significant difference with day 21 (p=
0.0436) (Fig. 80).
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Figure 80

Myeloid cell counts performed on catfish fry pronephros of WT, LAVs
(Aquavac-ESC, EiΔevpB and ESC-NDKL1) and BHI over time points postexposure.

The number of myeloid cells was expressed as the absolute mean of three catfish
pronephroi and was counted out of 10 fields at magnification 600x in a10 square (10mm2
each) per field.
The influence of vaccination and infection on absolute numbers of lymphoid
populations was also investigated. Absolute number of lymphoid cells was not different
at day 1 and 3 post exposure. A significant increase in lymphoid cells occurred at day 5
post vaccination in EiΔevpB versus WT (p= 0.0048), and no significant difference was
evident in other vaccinated groups and the control group. The marked lymphopoiesis
continued at day 7 post exposure with a significant increase in the EiΔevpB and Aquavac194

ESC groups as compared to the WT group (p= 0.0306 and 0.0486, respectively). The WT
group had a significant decrease in absolute lymphoid cells. However, no difference was
found between the absolute lymphoid numbers in control and vaccinated groups with
ESC-NDKL1 versus WT (p= 0.6409 and 0.1988 respectively), although the WT
lymphoid number was low. No significant difference was found in lymphoid cells among
different groups at day 14 post exposure. By day 21, a marked increase in the absolute
lymphoid cells was detected. Higher numbers were found in the vaccinated group with
EiΔevpB and the highest level was found in the control group. No significant differences
were found between these two groups. A significant difference between vaccinated
groups with ESC-NDKL1 and Aquavac-ESC versus control (p= 0.0051 and 0.0415
respectively) was found. Within each group, there was a trend of increasing lymphoid
cells over time and an increase for EiΔevpB (1d and 3d versus 21dpv, p= 0.0022 and
0.0182, respectively) and control (p= <.0001 for 1, 3, 5 days versus 21d, 0.0006 for 7 d
versus 21 d, and 0.0379 for 14 d versus 21 d). No significant increase in lymphoid cells
was seen in the Aquavac-ESC over the vaccination course. However, the absolute
lymphoid numbers for ESC-NDKL1 was affected at 5d and trended upward until day 21.
In contrast, the absolute lymphoid numbers for all groups were decreased over different
time points post infection with no significant difference between days (p= 1.000) (Fig.
81).
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Figure 81

Lymphoid cell counts performed on catfish fry pronephros of WT, LAVs
(Aquavac-ESC, EiΔevpB, and ESC-NDKL1) and BHI over different time
points post-exposure.

The lymphoid cell numbers expressed as the mean absolute number of three catfish
pronephros were counted out of 10 fields at magnification 600x in 10 square (10mm2) per
field.
The myeloid/ lymphoid ratio was calculated, and the result showed that Myeloid
(M) / Lymphoid (L) ratio was close to 1 at day 1 post-exposure in most of the vaccinated
and non-vaccinated groups. This indicates that lympho-myeloid population was in a
steady state. However, the M/L ratio tended to be higher at days 3, 5 and 7 post exposure.
By day 21 post exposure the lymphoid cells in most groups were higher than myeloid
cells with myeloid / lymphoid ratio lower than 1 in the mutant vaccine and control groups
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(0.679 in EiΔevpB, 0.92 in ESC-NDKL1 and 0.74 in control group), but higher in
Aquavac-ESC (1.60) (Fig. 82).

Figure 82

Myeloid/ Lymphoid ratio of catfish fry pronephros of WT, LAVs (AquavacESC, EiΔevpB, and ESC-NDKL1) and BHI over different time points postexposure.

LAVs induce immune-proliferation (hyperplasia) as a mechanism to resist the
invading pathogen following challenge with WT
The next investigation was to determine whether the absolute number of
pronephros lymphomyeloid cells was altered after challenging the vaccinated fish with
WT. Using the same counting methods, the lymphoid and myeloid cells at days 1, 3, 5, 7,
14 and 21-day post-challenge (dpc) were analyzed. From this analysis, myeloid and
lymphoid cells were considered in a steady state by day 1 pc except in sham-vaccinated
group in which the number of myeloid was higher than lymphoid by two-fold (2.08 fold).
The absolute number of the myeloid population had no difference among different
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groups. Similarly, no difference was noted for the lymphoid population among different
groups at day 1 pc. However, on day 3 a significant increase in the myeloid cell
population was seen in the sham-vaccinated group compared to vaccinated groups
(EiΔevpB versus sham-vaccinated group, p= 0.0006; ESC-NDKL1 versus shamvaccinated group, p= <.0001; Aquavac-ESC versus sham-vaccinated group, p= 0.0009)
(Fig. 83). No significant difference in absolute lymphoid cell population occurred at the
same day 3-time point. The expression level of lymphoid cells was lower than myeloid
cells in all groups (2.18 M/L ratio in sham-vaccinated, 1.24 in Aquavac-ESC, 1.33 in
ESC-NDKL1, and 1.4 in EiΔevpB (Fig. 84).
Five days after WT exposure, reduction in absolute myeloid number occurred in
sham-vaccinated, EiΔevpB and Aquavac-ESC groups, as compared with control group
and ESC-NDKL1 (EiΔevpB versus ESC-NDKL1, p=0.0144; EiΔevpB versus control, p=
0.0008, ESC-NDKL1 versus Aquavac-ESC, p= <.0001; and Aquavac-ESC versus
control, p= 0.0007). Although the myeloid number in ESC-NDKL1 were higher, the
number was not different from control (p= 1.000) (Fig. 83). Examination of lymphoid
cell populations at the same time points did not reveal any difference among groups,
although the number is lower in all groups. The myeloid to lymphoid ratio was skewed to
myeloid rather than lymphoid (M/L ratio = 1.3 for sham-vaccinated group, 1.9 for ESCNDKL1, 1.3 for EiΔevpB). The exception to this trend is in Aquavac-ESC (M/L ratio=
0.84) (Fig. 84, 85). Seven days post challenge, the absolute myeloid number was
markedly increased in all groups with the highest myeloid absolute number in ESCNDKL1, which differs significantly from EiΔevpB and Aquavac-ESC, but not
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significantly from sham-vaccinated and control groups (Fig. 83). In contrast, the absolute
lymphoid numbers were still lower than myeloid at 7 dpc (M/L ratio was 1.9 in shamvaccinated, 1.29 in Aquavac-ESC, 1.8 in ESC-NDKL1, and 3.22 in EiΔevpB).
Comparing the levels among different groups, a significant reduction in lymphoid cell
population was found in EiΔevpB compared to ESC-NDKL1. However, this reduction
was not significant as compared with the other groups (Fig. 84, 85). By 14 and 21 days,
no significant difference in the absolute myeloid cell number compared with control was
evident. A trend for increasing myeloid cell number in vaccinated groups compared to the
sham vaccinated group was noted (Fig. 83). Similarly, the absolute lymphocyte number
was also increased without a significant difference between groups at these time points.
However, the M/L ratio was still skewed to myelopoiesis. Thus, there was a shift toward
myelopoiesis from day 3 until day 21 pc (Fig. 84, 85).
Looking within each group, a significant increase in the absolute cell numbers
was found in fishe exposed to Aquavac-ESC between days 1 and 7 in comparison with
days 14 and 21. The myeloid cell number was significantly decreased at 5 and 7 days
followed by a peak increase at 14 and 21 days. However, in ESC-NDKL1 exposed fish,
the myeloid cell number was increased with a significant difference between 1 and 3 days
(p= 0.039, 0.0003, <.0001 for 1d; and 0.0028, <.0001 and 0.0021 for 3d). Only a slight
change was seen in the absolute myeloid numbers in the EiΔevpB group. In contrast, the
sham-vaccinated group had significant change between day 3 versus days 5 and 21
(p=0.0052 and 0.0452). The myeloid cell number reach peaked levels at day 3 and then
markedly decreased at days 5 and 21 (Fig. 83).
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Figure 83

Myeloid cell counts performed on catfish fry pronephros of sham-vaccinated
group, LAVs (Aquavac-ESC, EiΔevpB, and ESC-NDKL1) and BHI over
different time points post-challenge with WT E. ictaluri.

The myeloid cell numbers were expressed as the mean absolute number of three catfish
pronephros and were counted out of 10 fields at magnification 600x in 10 square
(10mm2) per field.
For the lymphoid population, there were significant changes between days 1 and 5
versus days 14 and 21 in Aquavac-ESC and between days 3 and 5 versus 7 and 14 for the
EiΔevpB group (Fig. 84).
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Figure 84

Lymphoid cell counts performed on catfish fry pronephros of shamvaccinated group, LAVs (Aquavac-ESC, EiΔevpB, and ESC-NDKL1) and
BHI over different time points post-challenge with WT E. ictaluri.

The lymphoid cell numbers expressed as the mean absolute number of three catfish
pronephros and were counted out of 10 fields at magnification 600x in 10 square
(10mm2) per field.
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Figure 85

Myeloid/ Lymphoid ratio of catfish fry pronephros of sham-vaccinated
group, LAVs (Aquavac-ESC, EiΔevpB, and ESC-NDKL1) and BHI over
different time points after challenge with WT E. ictaluri.

Association between immunostimulation or immunosuppression and invading
pathogen during vaccination and challenge phase
To investigate the relationship between bacterial invasion in pronephros and
lympho-myeloid cell population stimulation or suppression, the same counting method
was used to count the number of positive bacteria stained by IHC in pronephroi.
Subsequently, a correlation between this number and the number of myeloid and
lymphoid cells was performed. The Spearman correlation analysis revealed that there was
a significant negative correlation (r= -0.269, p= 0.016) for bacteria versus myeloid cells
and for bacteria versus small lymphoid cells (r= -0.38, p= 0.0005). Overall, there was an
inverse relationship between the bacterial burdens in the pronephros versus the total
lympho-myeloid population during the vaccination phase (Fig.86, 87).
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Figure 86

The total cell population either myeloid or lymphoid versus the bacteria
number for each group at the different time point post exposure.
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Figure 87

The correlation between bacterial number and total cell population in catfish
fry pronephros.

The similar negative relationship was seen during challenge of vaccinated fish with
WT exposure; however, it was not significant (r=-0.05, p=0.61 for large myeloid versus
bacteria and r=-0.04, p=0.67 for small lymphoid versus bacteria) (Fig.88, 89).
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Figure 88

The total cell population either myeloid or lymphoid versus the bacteria
number for each group at the different time point post challenge with WT E.
ictaluri.
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Figure 89

The correlation between bacterial number and total cell population in catfish
fry pronephros during challenge of vaccinated fish with WT E. ictaluri.

Discussion
Pronephroi act as hematopoietic and lymphoid generating organs in fish (Fänge
1986) as there is no bone marrow or lymph nodes. Thus, the pronephros is an analog to
lymph node, enabling an immune response and clearance of foreign antigen from the
circulation (Ferguson, Claxton et al. 1982, Kaattari and Irwin 1985). Because of these
two-important roles, vaccine efficacy was assessed by studying the effect of vaccination
with LAVs on pronephros myeloid (large monocyte precursors) and lymphoid (small
monocytes) populations during both vaccination and challenge phase. To achieve this
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goal, the absolute number of lymphoid and myeloid cells in pronephroi were counted and
the time for stimulation and suppression of an immune response was estimated.
Additionally, positive immunostained WT and live attenuated E. ictaluri strain were
counted and correlated with myeloid or lymphoid cell numbers.
In mammals, the hematopoietic cell population is usually in a steady state. Once a
bacterial infection occurs, acceleration of myeloid cell proliferation with more
granulocytic production becomes a predominant feature of hematopoiesis (Hartmann,
Entringer et al. 1981, Ueda, Kondo et al. 2005). A similar mechanism was observed in
zebrafish (Herbomel 2012).
This study revealed that the myeloid and lymphoid cell populations were in a
steady state in most groups by day 1 post-exposure to Edwardsiella ictaluri. The
microbial infection with WT E. ictaluri rapidly induced immunosuppression with a
marked reduction in total cell numbers and a shift of cell numbers toward the myeloid
component. These findings were consistent with our previous pathological findings,
where pathological lesion severity increased over the course of infection, characterized
by severe necrosis. Transmission electron microscopy revealed many macrophages with
bacteria inside the phagosomes. However, over the course of infection, the bacteria were
often present in the cytoplasm, where they replicated, leading to cell necrosis and spread
into stroma. Thus, the increase of bacteria in the pronephros is associated with an overall
decrease in myeloid and lymphoid cell numbers.
The skewing of cells to myeloid population could be attributed to the significant
expression of TLR and pro-inflammatory cytokines that was observed previously
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(unpublished data). After recognition of the antigen by TLR, a signaling cascade
(myeloid differentiation gene, MyD88) was activated, inducing cytokine production and
recruiting of more immune cells to aid in phagocytosis and clearance from the
tissue(Medzhitov 2008). These cells were largely myeloid rather than lymphoid. By day
14, the absolute myeloid and lymphoid cell numbers returned to normal levels which
could be due to decreased number of bacteria in the pronephros compared to another
organ.
In contrast, the cell number of myeloid and lymphoid cells in the vaccinated
groups had a significant difference compared to WT and no significant difference from
the control. Of the LAVs examined only the ESC-NDKL1 vaccinated group had
increased myeloid cells, especially by 3 and 5 dpv. The presence of the histopathological
changes seen in fish infected by this strain (detected from previous pathological scores)
leads to myeloid hyperplasia and possibly differentiation. Furthermore, the lineage
skewing to myeloid cells was consistent with our previous finding that inflammatory
cytokines were significantly upregulated by days 3 and 5 pv. Significantly, LAVs
induced little to no organ pathology, since lympho-myeloid necrosis did not occur in the
vaccinated groups.
After challenge of vaccinated catfish with WT, there was proliferation in all
vaccinated groups which was recorded by light microscopy previously. In distinction
from the LAV strains developed by our lab, myeloid and lymphoid cell numbers were
decreased in the Aquavac-ESC vaccinated group.
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The proliferation (hyperplasia) of the pronephric cells in the vaccinated groups
reflects rapid differentiation and expansion of hematopoietic cells upon immune
stimulation. The rapid increase and decrease in the myeloid and lymphoid populations
after infection reflect the animals’ attempt to maintain homeostasis. The skewing to the
myeloid lineage in all vaccinated groups over the challenge matched with the strong
upregulation of genes associated with antigen processing and presentation and
inflammatory cytokine expression, especially IL1 beta and IL8. This previous finding of
this gene upregulation suggests a shift toward gene expression signatures of myeloid cells
as macrophages and dendritic cells.
This was in consistent with previous work related to mammals that reported IL1
accelerates myeloid differentiation of hematopoietic tissue through induction signaling
pathways (Pietras, Mirantes-Barbeito et al. 2016). Furthermore, a study on the effect of E.
coli on hematopoietic tissue showed that IL8 attracts the immune cells to help clear the
foreign agent and damaged tissue and repair the damaged area (Shahbazian, Quinton et
al. 2004). Additionally, hematopoietic cells are highly sensitive to inflammatory
conditions as they express several TLRs which are responsible for induction of an innate
immune response after infection (Nagai, Garrett et al. 2006). The skewing toward
myeloid or lymphoid cell types can, in part, be attributed to the different TLRs expressed
on the surface of cells. An inverse correlation between induction of myelopoiesis and
decreased lymphopoiesis has been reported (Ueda, Kondo et al. 2005).
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CHAPTER VII
CONCLUSION
The Channel Catfish farming is the largest aquaculture industry in the United
States, and enteric septicemia of channel catfish (ESC) is considered one of the most
important diseases that threaten the catfish industry. Live attenuated vaccines (LAVs)
have potential to be the best method for protecting catfish against the disease.
Previously our lab constructed three live attenuated Edwardsiella ictaluri strains
(triple hemR, ESC-NDKL1 and EiΔevpB), and vaccination of catfish fry and fingerlings
with them provided varying levels of attenuation and protection. The safety and efficacy
experiments using these strains in catfish fingerlings indicated that mortality rates were
62.41% and 98.3% for triple hemR (Abdelhamed, Ibrahim et al. 2018), 95.22% and for
ESC-NDKL1(Nho, Abdelhamed et al. 2017), and 0%and 0% for EiΔevpB. However,
their effect in catfish fry was more severe but EiΔevpB was still the safest vaccine strain
in catfish fry (Abdelhamed, Lawrence et al. 2018).
In this work, we aimed to study the safety and efficacy of these three LAVs in
comparison with the commercial vaccine Aquavac-ESC. To achieve these, we assessed
the mucosal response and the pathology of LAVs on catfish fry following immersion
vaccination of catfish fry. Finally, we assessed the immune responses of catfish fry
following vaccination. The histopathological results showed that EiΔevpB, Aquavac-ESC
and ESC-NDKL1 are highly attenuated and safe compared to EiWT. No pathological
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lesions were observed after vaccination with EiΔevpB and Aquavac-ESC and mild
pathological lesions were observed after vaccination with ESC-NDKL1. However, triple
hemR showed similar pathology to EiWT, and thus, cannot be an ideal mutant as a
vaccine. Following challenge of the vaccinated fish with EiWT, pathology results
indicated that ESC-NDKL1and EiΔevpB were the most efficacious vaccines compared to
Aquavac-ESC and sham vaccinated groups, reducing the pathological lesions and EiWT
replication in vaccinated fish.
ESC-NDKL1 and EiΔevpB also stimulated the efficacy of fish immune system.
Macrophages, B cells like, and dendritic cells showed increased bacterial uptake and
killing of EiWT.
In addition, EiΔevpB and ESC-NDKL1 reduced the bacterial colonization and
stimulated the mucosal responses against EiWT. The mucus secretion and number of the
guard immune cells as lymphocyte like cells and epidermal cells were increased.
However, vaccination with Aquavac-ESC resulted in less efficacy compared to other two
vaccine strains. Severe tissue damage and high numbers of invading bacteria in fish
tissues were noticed.
Expressions of IL-1β, IL8, MHCI, MHCII, CD4 and CD8 were significantly
lower in vaccinated groups compared to EiWT, especially at 5 dpi, which was not
significant in ESC-NDKL1 vaccinated fish. Following EiWT challenge, significant
induction of MHCI, MHCII, CD4 and CD8 expression were observed in early hours in
EiΔevpB and ESC-NDKL1 vaccinated fish compared to sham vaccinated fish.
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The histomorphometric counting of the large and small cells in the pronephros
showed that no change in the cell number were detected in the EiΔevpB and AquavacESC vaccinated groups compared to WT, which showed severe reduction of cells in the
pronephros. Mild increase in large cell numbers was detected in ESC-NDKL1. Following
challenge with EiWT, the number of the large cells were increased in all vaccinated
group except Aquavac-ESC, which showed reduction in the cell numbers at 5 and 7 dpi.
The numbers of cell and bacteria showed a negative correlation.
Taken together, LAVs showed temporary persistence in fish tissues, especially in
immune related organs kidney and spleen, and stimulated protective immune responses
without causing severe damage to the host. Thus, this study suggests that EiΔevpB and
ESC-NDKL1 have better vaccine properties compared to Aquavac-ESC. EiΔevpB is
slightly safer than ESC-NDKL1, which is slightly more protective than EiΔevpB. We
expected that adaptation of EiΔevpB and ESC-NDKL1 could provide real benefits to
catfish industry while reducing the use of antibiotic in the catfish farms.
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